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The increasing demand for thin-layer materials influences on development of their production technologies
and a range of potential applications. The properties of these materials (e.g. physical properties) can find new
applications and solve existing limitations. Multi- and thin-layer metal systems are a special group of materials
which can be successfully used for suppression of electromagnetic waves. Properly designed multilayer systems can
exhibit the effect of a giant magnetoresistance. The research results include morphology observations and study of
surface topography of Cu/Ni multilayer systems with nanometric layers. The layers were electrolytically produced
on a thin copper foil substrate. The investigations of the physical properties of the systems have shown that
quantity and thickness of the layers in the multilayer system have an effect on magnetic properties. The obtained
layers are characterized by good quality. Moreover, they are compact and homogeneous. The topographical studies
have not detected major surface defects of multilayer systems.
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1. Introduction

Metallic multilayer systems and their properties have
become in modern engineering an interesting research
topic in recent years because of their promising tech-
nological applications and fundamental scientific impor-
tance [1]. These multi- and thin-layer metal systems
possess interesting magnetic, electrical, optical, and me-
chanical properties [2]. Desirable properties of multilay-
ers systems mainly depend on the component materi-
als, processing conditions, microstructure, and interfacial
structure [3, 4].

The idea of using multilayer systems is based on the
fact that conductive layers (e.g. copper, silver) and layers
of ferromagnetic (e.g. nickel, iron, cobalt) with micro-
and nanometric thicknesses and different structure are
alternately arranged.

Among many multilayers systems with differential con-
stituent composition, the Cu/Ni systems have exhib-
ited a great deal of attentions due to identical crys-
tallographic structure (fcc) of copper and nickel, very
small lattice misfit (2.5%) of both elements and excellent
properties [1-3].

Multilayers composed of Cu and Ni are interest-
ing by the gigantic magnetoresistance (GMR) effect
which is characteristic for thin-layered ferromagnetic/
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non-magnetic material systems [5]. Due to these specific
properties, they have been applied in electronics and in
information recording and readouting devices [2, 6].

Cu/Ni multilayers are also easy to produce using many
methods including electrodeposition and vacuum tech-
niques, especially sputtering or molecular beam epitaxy.
However, metallic multilayer systems obtained by means
of different methods do not always show the same struc-
tural and magnetic properties [7, §].

Electrodeposition is successfully used to deposit multi-
and thin-layer metal systems. Furthermore, electrodepo-
sition also offers a number of advantages such as rapid
deposition at room temperature and pressure and low
cost. In electrodeposition, the parameters of this pro-
cess have influence on the layers thickness and changes
of many properties of fabricated multilayers [9-11].

The paper presents the results of physical properties
investigations of Cu/Ni multilayer systems fabricated by
electrolysis process, as well as the observation of surface
morphology, topography, and surface roughness analysis.

2. Experimental procedure

Cu/Ni multilayer systems, with variable layer thick-
nesses, were produced by electrolytic deposition.
The substrate for research was a copper foil with dimen-
sions of 50 x 50 mm and 70 pum of thickness, which was
suitably cleaned. Cu and Ni alternate layers with quan-
tity of 15, 25, 30, and 45 were applied and the thickness
of a single layer was 12 nm and 25 nm. The copper layers
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were deposited from a cyanide bath with current density
of 0.025 A/dm2. The application time of copper layers
was 79 and 165 s, respectively. Nickel plating process
occurred from the Watts bath at 50 °C, the current den-
sity was 0.2 A/dm?. Time of applying nickel layers was
respectively 30 and 62.5 s.

The test of magnetic properties was carried out
in a vibrating sample magnetometer. The analysis
was conducted within the range of magnetic field of
—2000 kA/m <+ 2000 kA /m. This measurement was ad-
ditionally concentrated within the range of —1600 kA /m
=+ 1600 kA /m.

The study of giant magnetoresistance effect was per-
formed on the physical property measurement system
(PPMS) of Quantum Design. The measurements were
performed using a four-point probe at 300 K for mag-
netic field strength in the range of —3 T to 3 T and at a
temperature of 100 K for the magnetic field strength of
0 T and 1 T. The study was conducted for a magnetic
field set along the direction of current flow (longitudinal
magnetoresistance — LMR). The research involved four
multilayer systems, whose parameters are summarized in
Table L.

TABLE I

Parameters of multilayer system samples and distance of
voltage contacts.

Sample | Width of | Distance of

Sample thickness | the sample voltage

contacts
]| ]|
Cu/Nix15 (25 nm) | 61.50 472 1.96
Cu/Nix25 (25 nm) 62.50 5.46 2.48
Cu/Nix15 (12 nm) | 60.72 3.66 2.38
Cu/Nix30 (12 nm) | 61.44 4.02 3.62

The surface morphology of the obtained multilayers
was observed by using the Zeiss SUPRA 25 scanning elec-
tron microscope equipped with the EDS chemical analy-
sis system.

Examination of topography of the samples and rough-
ness measurement were performed using the Park Sys-
tems AFM XE-100 atomic force microscope in non-
contact mode. The results of the studies were analysed
using the XEI software.

3. Results and discussion

On a basis of obtained graphs of the relationship be-
tween magnetic moments and the magnetic field (mag-
netic hysteresis loop), Ni/Cu multilayer systems can be
described as a soft magnetic material due to narrow shape
of the hysteresis loop (Fig. 1). Depending on number of
applied layers, as well as their thickness, the magnetic
moment (M) was changed. This indicates that both
amount and thickness of layers constituting the multi-
layer system have an effect on magnetic properties.
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Fig. 1. The hysteresis loops of the Cu/Ni system,

a single layer thickness is 12 nm and 25 nm.

With the increase of layer thickness from 12 nm to
25 nm, the magnetic moment increases from 0.005 T
to 0.012 T.

Examples of magnetic hysteresis loops for Cu/Ni mul-
tilayers obtained by means of electrochemical deposition,
published in [7, 9] also showed the changes in the mag-
netic properties. They might arise from the change in the
Ni and Cu content of the samples caused by the variation
of Cu layer thicknesses.

All imperfections of multilayer structure (e.g., rough-
ness of interlayer boundary between ferromagnetic and
non-magnetic layers) have large impact on magnetic
properties of multilayer metallic systems [7].

In studies carried out at the station for measuring of
giant magnetoresistance effect, this phenomenon was not
detected in full range of magnetic fields. Many factors
may significantly influence on GMR of electrodeposited
multilayer (e.g. electrolyte purity, electrolyte pH, thick-
ness of Cu and Ni layers, roughness). According to litera-
ture the GMR effects depends on the overall thickness of
multilayer system. Giant magnetoresistance of multilay-
ers enhances strongly with increase the number of bilay-
ers [12]. Also magnetic and non-magnetic layer thickness
have an influence on GMR. The GMR magnitude reaches
a maximum value for the Cu layer thickness of 1.5 nm and
for larger Cu layer thickness it decreases with increasing
Cu layer thickness [9]. The multilayer with the very thin
magnetic layer displays lower GMR. When the magnetic
layer thickness increases, the GMR values also increases
since the layer thickness reach to optimum value. Further
increase in magnetic layer thickness (as high as 10 nm
or more), leads to reduction of the GMR values. Some
references report that in the case of electrochemically de-
posited multilayer Cu/Ni systems GMR effect was barely
1-1.5% [7, 9]. Tokarz et al. [13] presented that the GMR
value of Cu/Ni multilayer system is 2.5% with current
flowing in plane of the multilayer and the applied mag-
netic field was 0 to 1.5 T at 50 K. The maximum of
7% GMR was achieved when the total number of bilayer
was 6000 [12].
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Fig. 3. Changes of resistance in a function of temper-
ature for Cu/Ni systems.

Regardless of magnetic field, the resistance of multi-
layer systems is kept constant (Fig. 2).

Resistance tests of Cu/Ni systems were also performed
at a reduced temperature in magnetic field of 0 T and

Mg~ 1000KX EHT = 300KV Lpm

1 T (Fig. 3). The increase of resistance in a function WD~ Somm_ Sigul A~ aLens

of temperature can be noticed. It is linear in the range T gene s g e $YOe VT W

of 50+300 K. Changes of resistance without a magnetic R T - . . < (C)
field are minimal. Plots for Cu/Nix30 (12 nm) system :::"m :;'6; : 6/;

show artifacts (Fig. 4), which were probably related to 1 1 TR LT T o
changes of electrical contacts of the four-point probe dur- Matrix | Comection | ZAF

ing sample cooling. They probably may come from the
resulting stresses.

The microscopic images of the surface layer of Cu/Ni
multilayer system together with the analysis of the chem-
ical composition are shown in Fig. 5a,b. The obtained
layers in electrolysis process are continuous and com-
pact. Visible copper structure is homogeneous with a
strong development of nucleation sites (in the case of lay-
ers of smaller thickness). Extending deposition time of Fig. 5. SEM images of Cu layer in Cu/Ni system,
layers resulted in an uniform layer growth in a form of a single layer thickness is (a) 12 nm, (b) 25 nm, 10,000,
spheroidal structures. (c) EDS analysis.
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Also Sahin et al. [14] obtained cauliflowers-like granules
structure, whose size becomes smaller with increase of Cu
contents in the multilayers.

The EDS microanalysis showed the presence of both
copper and nickel elements (Fig. 5¢). The results come
from the surface and deeper layers of the sample.

Images of the surface topography which define the sur-
face morphology were made for selected area of the sam-
ple (5 x 5 pum) with the Cu/Ni system and copper foil as
the substrate (Fig. 6).

Fig. 6. The AFM images of three-dimensional visual-
ization of topography of sample surface (copper foil) (a),
the Cu/Ni system about 12 nm of single layer thick-
ness (b).

TABLE II

The roughness parameters of Cu/Ni systems and the sub-
strate material

Sample Ra [nm] | RMS [nm] | Max. [nm]
substrate material 77.57 96.02 202.72
Cu/Ni (12 nm) 111.85 141.96 426.62
Cu/Ni (25 nm) 125.62 155.78 411.59

Based on results of tests, roughness parameters:
mean roughness (roughness average — Ra), root mean
square (RMS), and maximum profile height (Max.) for
Cu/Ni systems and substrate material were determined
(Table 1I).

It was found that the surface roughness increases ex-
ponentially with increase of total thickness of multilayer
systems. If the Cu layer is thicker, the surface roughness
is greater.

4. Conclusions

The fabrication of thin layers by electrochemical
method has many advantages. However, there are some
problems hindering the use of electroplating technology
of nanometric thickness layers. One of them is a lack of
repeatability.

Conducted surface tests by using EDS analysis con-
firmed the deposition of copper and nickel layers. The
number of deposited layers and their thickness have a
direct influence on the magnetic properties of the multi-
layer systems produced.

Based on a shape of the hysteresis loops it can be con-
cluded that the obtained multilayer Cu/Ni systems are
magnetically soft ferromagnetic (coercivity value is ca.
6.44 kA /m).

Investigations of manufactured multilayer systems did
not show the occurrence of the giant magnetoresistance
effect regardless of thickness and number of applied lay-
ers. Plots of resistance in a function of magnetic field
strength are linear over entire range of magnetic fields
used, in the range of —3 T to 3 T. This situation is caused
by high layer thickness in the tested samples.

Layers with a thickness of 12 and 25 nm do not al-
low an occurrence of the giant magnetoresistance effect.
Theirs thickness is higher than the average path of a free
electron in metal materials (about 10 nm). Therefore, a
condition necessary for an occurrence of the GMR effect
is a passage of an electron through two, opposite magne-
tized ferromagnetic layers are not met [10].

Changes of resistance in a function of temperature
show a linear relationship. The positive temperature co-
efficient of resistance of Cu/Ni multilayer systems was
confirmed.

To sum up, it has been found that the electrochemical
process allows to obtain good quality layers, character-
ized by a continuous and compact structure with irregu-
larities similar to those occurring on the substrate.
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