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The granular films of magnetic alloys consisting of nanoscale ferromagnetic particles which exhibit a giant 
magnetoresistance (GMR) effect have been a subject of great interest in recent years. In this work, we report on 
experimental investigation of the influence of nitrogen addition on magnetic and transport properties of Co–Ni granular films 
with different nitrogen content, and on the surface morphology. The correlation between these properties and the 
electrodeposition conditions has been studied. The granular thin films were electrodeposited onto a disk-shaped aluminium 
substrate, from a basic bath containing: CoSO4.7 H2O, NiSO4.7 H2O, and NiCl2.6H2O with 20 gl-1 total metallic ion content. 
As additional substances were used NaCl, Na2SO4.10 H2O, H3BO3, sodium citrate, sodium laurylsulphate, sodium 
saccharine and NaNO3 as a source for nitrogen inclusion in the films. The concentration of NaNO3 in electrolytic bath was 
varied with the aim to control the films nitrogen content. Co-Ni-N granular films display GMR effect of about 60%; this  could 
be explained mainly by the elastic spin dependent scattering of conduction electrons at the interface between magnetic (Co-
Ni solid solution grains) and nonmagnetic regions (rich in N inter-granular frontiers and aluminium oxidized substrate). 
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1. Introduction 
 
Many studies have been carried out to develop ternary 

alloys based on Co-Ni system with additions, because of 
their remarkable magnetic properties and potential 
applications in high density recording [1, 2] or micro-
electromechanical systems [3-7]. In recent years there 
have been a number of investigations on giant magneto-
resistive granular films consisting of nano-scale 
ferromagnetic particles embedded in an immiscible non-
ferromagnetic matrix [8-11]. The granular films with 
GMR effect have been studied due to simpler preparation 
than multilayer films and applications in information 
technology. It is known that the GMR effect in granular 
films originates from the spin-dependent scattering of 
conduction electrons at the interfaces between the 
ferromagnetic granules and the nonmagnetic matrix 
(metals or insulator) as well as within the ferromagnetic 
granules, and it has a close relationship with grain size.  

Our goal was to obtain by electrodeposition granular 
films presenting GMR effect. Electrodeposited thin films 
of Co-Ni alloys with additions of magnesium and nitrogen 
studied in our previous works [12, 13] could be a potential 
candidate for such applications. Electrodeposition has 
many advantages over vacuum processes: especially 
extended surfaces at low costs, low operating temperatures 
and the possibility of large scale applications.  

In this work, we propose a new method for obtaining 
Co-Ni granular films, namely by introducing nitrogen as 
impurity in the electrodeposited film. We report here on 
the experimental investigation of the influence of nitrogen 
addition on magnetic properties of Co–Ni granular films 
with different nitrogen content, and on the surface 

morphology. The correlation between these properties and 
the preparation conditions could be useful for 
technological applications. There are publications dealing 
with the magnetoresistance of electroplated Co-Ag 
granular films [10, 11], but we have not found in the 
literature any study referring to magnetic and transport 
properties in the case of electrodeposited Co-Ni granular 
films with addition of nitrogen.  

 
 

2. Experimental 
 
The samples were prepared by an electrolytic 

procedure similar with that used for producing Co-Ni-Mg-
N thin films described in detail elsewhere [12, 13]. A 
complex bath was used, containing: CoSO4.7 H2O, 
NiSO4.7 H2O, and NiCl2.6H2O with 20 gl-1 total metallic 
ion content, and the additional substances: NaCl, 
Na2SO4.10H2O, H3BO3, sodium citrate, sodium 
laurylsulphate, and sodium saccharine. The deposition 
performed from this base electrolytic bath (labelled 1) 
leads to Co-Ni films. If the bath contains NaNO3 as 
addition, the deposited Co-Ni films will contain nitrogen 
as impurity. It was shown [12, 13] that the concentration 
(c) of NaNO3 in electrolytic bath controls the nitrogen 
content (CN) of the film. The film thickness for all the 
samples was controlled by the current density and the 
deposition time.  

Cyclic voltammetry was mainly employed as the 
electrochemical technique for the study of 
electrodeposition processes. 

 The quantitative chemical composition of the films 
was determined by EDAX. The surface analyses were 
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performed with an atomic force microscope (AFM) at 
room temperature in tapping mode, using a commercial 
Si3N4 tip with a radius of 10 nm. The structure of the 
samples was investigated by X-ray diffraction using CoKα 
radiation in the usual θ−2θ geometry.  

The magnetic measurements were carried out at room 
temperature with a torsion magnetometer in 300 kA/m 
maximum field. Magnetoresistance (MR) measurements at 
room temperature were carried out with an HM 8112-2 
programmable multimeter, by usual 2-terminals method in 
dc magnetic field between −300 and +300 kA/m, applied 
perpendicular to the current, in plane of the film. MR was 
measured at constant current of 7 μA. Magnetoresistance 
was defined as  

%1000 ×
−

=
s

s
R

RRMR , where R0 denote the resistance 

measured in demagnetized state of the film and Rs denote 
the resistance in the maximum applied magnetic field.  

 
3. Results and discussion 
 
With the aim to characterize the electrodeposition 

process, the measurements of cyclic voltammograms were 
carried out in the electrolytic cell with the working 
electrode of Al and the anode of Ni as vertically placed 
disk-shaped foils. The geometrical area of an electrode 
was 3.14 cm2. The reference electrode was a platinum wire 
having with the electrochemical solution the contact area 
of 0.06 mm2. 

 As example, we present in figure 1 the 
voltammograms recorded for three solutions containing 
the base components of the bath 1 and various content c of 
NaNO3.  The density of current versus potential (between 
cathode and reference electrode) curves for the three 
solutions are shown in figure 1(a, b, and c), as follows: a) 
solution 1 with c=0, b) solution 2 with c=0.33g/l, and c) 
solution 3 with c=1.33g/l. The curves plotted at the 
increasing negative electrode potential (at the rate 2 mV/s) 
are marked with F (forward) and those plotted at the 
decreasing one, with B (backward).  

The voltammograms in figure 1 shows typical 
characteristics of the electrodeposition of metal ions under 
the nucleation and crystal growth control: virtually zero 
current on the forward scan until the onset of the 
nucleation of Ni and Co ions and a rapid increase of 
current on the forward scan once the nucleation begins. 
The rapid increase of the cathodic current on the forward 
scan corresponds to the beginning of the metal deposition. 
The onset potential for the Co nucleation is increased to 
about –1.1V and for Ni it is of about -1.18V (versus Pt 
reference electrode) in our base solution, which are of a 
bigger value than that for the electrodeposition in 
equilibrium conditions for Ni and Co ions (-1.43V for Ni2+ 
and -1.48V for Co2+, calculated versus Pt). The shape of 
the reversal scan B is completely different from that of the 
forward scan F (figure 1a). The onset potential on curve B 
was observed at -0.38V, which could be explained by the 
fact that the cathode surface at the beginning of the 
forward scan was Al substrate, and the cathode surface at 
the end of the reverse scan is covered with Co-Ni alloy. 

Also, the forward scan has a shape indicating the 
dissipative irreversible processes occurring at potentials 
between -1.35V and -1.6V. Therefore, it can be concluded 
that the electrochemical processes on the forward and 
reverse scans occur in an irreversible manner in the 
solution 1.  
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Fig.1 Current-voltage curves for three solutions with 
different  concentration  of  NaNO3 : a) 0,  b) 0.33 g/l and  
                                      c) 1.33 g/l.  

 
 

When the NaNO3 is added in the base solution, the F 
and B scans draw nearer (figures 1b, 1c) which signify 
more reversible paths. The onset potential for the Co and 
Ni nucleation in the case of solution 2 (scan F) are - 
0.98V, -1.02V, respectively, and for the solution 3 they 
are: -0.78V, -1.01V, respectively. For the reverse scans, 
the onset potentials are: -0.47V (for the case of solution 2) 
and -0.71V (for solution 3). The irreversibility of the F and 
B current-voltage curves from fig. 1(a) indicates  that the 
processes occurring in this case are irreversible; in the case 
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of the solution 3 (fig. 1c) the paths F and B are almost 
similar (showing nearly reversible processes). As we have 
found from the XRD and AFM measurements, which will 
be presented in the following section, the electrochemical 
plating regime influences the structure and morphology of 
the samples. 
With the three solutions (1, 2, 3) we deposited in 
potentiostatic regime (at -1.5V versus Pt reference 
electrode) a series of samples (labelled I, II, III, 
respectively) with average thickness of 400 nm. The films 
were electrodeposited onto a disk-shaped aluminium 
substrate.  

 

 

 
Fig.2. The topographic AFM images for the samples 
deposited in solutions with different NaNO3 content: a) 0,  
                             b) 0.33 g/l and c) 1.33 g/l.  

 

The surface morphology of the electrodeposited films 
(shape and size of crystallites) changes as a result of the 
different content of NaNO3 in solution. Fig.2 shows the 
AFM topographic images for three typical samples: I 
(figure 2a), II (figure 2b) and III (figure 2c). The AFM 
images prove a three-dimensional progressive nucleation 
and crystal growth mechanism for the electrodeposition of 
the Co-Ni alloy. We suppose that the nitrogen atoms were 
chemisorbed on the cathode surface especially on the sites 
of newly formed nuclei. This could be partially 
responsible for the unchanged value for forward-backward 
directions of the onset nucleation potential as observed in 
the voltammetry experiments (figure 1c). 

 We can explain the inclusion of nitrogen in Co-Ni 
electrodeposited films by a similar process with that used 
for the removal of nitrate from brine wastes by electro 
catalytic conversion of nitrate to nitrogen [14]. The 

electrochemical reduction of −
3NO  in 0.1 M K2SO4 and 

0.05 M KNO3 solution was studied on various electrodes 

[15].  The products in all cases have been −
2NO , NH3, N2 

and small amounts of NO; aluminium was considered one 
of the more efficient cathodes as regards the conversion of 

−
3NO  to N2.  The mechanism of the nitrate reduction is 

complicated, because of its multi-electron nature and the 
presence of a large number of intermediates. The 
experiments from [15] were performed at very negative 
potentials, where the nitrate ions are strongly repelled by 
the likely charged electrode surface, so the observed 
increase in the rate of the reduction with the increase of 
the negative potential was unexpected. The authors give an 
explanation for this phenomenon by the theory of cationic 
catalysis [16]. According to this theory, the non–reacting 
cation of the supporting electrolyte in the interfacial 

region, acts as an attracting centre for the −
3NO  by 

forming virtual ion pairs of the type 3
...NONa  

 
which can 

not be repelled by the negatively charged electrode [14, 
15]. We suppose that the mechanism of cationic catalysis 
could be responsible for inclusion of N in Co-Ni films 
electrodeposited in our baths. 

As it can be seen in figure 2, the addition of NaNO3 
exhibits a strong influence on the morphology of the film. 
The surface morphology (shape and size of the crystallites) 
is different in the three typical samples. For c = 0, the 
formation of a compact thin Co-Ni thin film is observed 
(figure 1a). By addition of NaNO3 in the electrolytic bath, 
the deposits became granular and the aluminium substrate 
remains partially uncovered. From AFM topographic 
images one can conclude that small spherical nuclei 
nucleate in different sites on the substrate and sometimes 
they agglomerate (figure 2b).  The analysis of the 
distribution of elements in these images by EDAX 
experiments are in progress. Preliminary results prove that 
Al and O are present in the un-deposited sites of the 
surface, for the samples II and III. For c = 1.33 g/l, the 
creation of aggregates of crystallites is enhanced, with 
some uncovered sites (holes) between aggregates (figure 
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2c). We suppose that the sample I, containing 81.20 at. % 
Co, 18.80 at.% Ni (with no evidence of Al, N, or O) is a 
compact Co-Ni thin film. For the sample II, if we consider 
the aggregates constituted especially from Co-Ni solid 
solution (76.95 at. % Co, 23.05 at. % Ni), the remaining 
surface between granules contains N, Al, and O. For the 
sample III, there is the same evidence for aggregates from 
Co-Ni solid solution (79.78 at. % Co, 20.21 at. % Ni), the 
remaining surface between granules contains N, Al, and O. 

The electrolysis parameters have been the same for 
the deposition of the three representative samples (-1.5V, 
30oC, without stirring), and the charge passing through 
electrolytic cell was also the same, resulting in the 
formation of a continuum film of 400 nm thickness 
(sample I) and equivalent average thickness for the 
granular samples (II and III).  

A significant change in morphology (figures 2b, c) 
appears as a result of including NaNO3 as additive in the 
electrolytic bath. The mean square roughness of the three 
samples (calculated from the 10 μm × 10 μm AFM 
topography scan) has the following values: (I) 45.70 nm, 
(II) 148.31 nm and (III) 182.34 nm. At the same time, the 
crystallite sizes with globular shapes are different in these 
samples. It is evident an agglomeration of crystallites 
(aggregates) when the additive content increases. The 
nitrogen adsorbed at the cathode surface creates disorder 
in the incorporation of ad-atoms into the lattice or inhibits 
the surface diffusion of ad-atoms towards growing centres. 
This is an evidence of the inhomogeneous growth of the 
crystallites on different nucleation sites.  In other words, 
the film nucleation and growth process is modified as an 
effect of NaNO3 as additive in the electroplating solution, 
with a preference for the N or NO ions to be adsorbed on 
the edge of grains, and thus gives rise to a globular 
structure and aggregates.  

The XRD analyses indicated that our samples are 
constituted from a Co-Ni solid solution with a 
polycrystalline fcc lattice for the samples II and III, and it 
appears as amorphous for the sample I. For the samples II 
and III, the peaks from Al substrate appear also in XRD 
patterns, which confirm the existence of un-deposited sites 
on the Al surface, in a good concordance with AFM 
images (figures 2b and 2c). From correlation between 
AFM, EDX and XRD preliminary measurements we can 
conclude that magnetic granular films consisting of nano-
scale Co-Ni ferromagnetic particles and aggregates are set 
in an immiscible non-ferromagnetic matrix (rich in 
aluminium and nitrogen addition). The morphology 
investigations are also supported by the magnetic 
measurements, as we will present shortly in the following 
results.  

The shape of curve obtained by torsion magnetometer 
is a very sensitive function of the sample magnetic 
microstructure. Figure 3 shows as an example the torsion 
magnetometer curves of the sample III deposited in the 
solution 3, containing c=1.33g/l NaNO3. The film plane 
was oriented perpendicular to the field-rotation plane; e. g. 
the torque was measured around an arbitrary axis parallel 
to the film plane. The torque curves were initiated with the 
applied field in the plane of the sample. The curves plotted 

in figure 3 were labeled with F (forward) and B 
(backward) for the rotation in clockwise direction and in 
the reversed one, respectively. In the torque experiment a 
magnetic field  
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Fig.3. Torque curves for the sample III, plotted from 0 to 
360 degrees (F) and from 360 to 0 degrees (B). The 
torque  curves  were  measured  for  the  fields: 20  kA/m,  
           50kA/m and 95 kA/m (marked in the legend).  

 
 
is rotated from the film plane (θ = 0 to the normal of the 
film θ = π/2) and the magnetization M follows at an angle 
ϕ with respect to the film plane. An equilibrium 
orientation for the magnetization is reached when the 
torques (L) on M due to H and to the total uniaxial 
anisotropy Keff cancel. This could be described by          

)2sin()sin( ϕϕθ effKLMHV ==− , where V is the 
magnetic volume of the film. At high fields, the 
magnetization is saturated (θ  = ϕ), and Keff can be 
determined directly using this equation.  

Granular Co-Ni-N films have unidirectional 
anisotropy evidenced by the sin θ shape of the torque 
curve in low fields and the increase of hysteresis loss in 
high magnetic field (figure 3); the presence of 
antiferromagnetic coupling between magnetic moments, 
due to inter-granular limits containing more N than the 
crystallites core results in this type of magnetic behaviour. 
As it can be seen in figure 3, the experimental torque 
curves exhibit mainly a two-fold periodicity in high fields. 
In low fields, a four-fold periodicity (i. e. the presence of 
an anisotropy energy term K2.sin(4ϕ) can be observed for 
curves F and B measured in fields of 20kA/m and 50 
kA/m. This four-fold periodicity can be explained by the 
simultaneous existence of regions with positive and 
negative Keff, therefore by heterogeneity of magneto-
crystalline anisotropy term in different aggregates. The 
curves in figure 3 indicate that the easy axis of 
magnetization for this sample is out of plane. The most 
probable source of out of plane anisotropy could be the 
columnar shape of the particles and aggregates. 
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Fig. 4. The dependence of coercive field (Hc) and of 
effective anisotropy constant (Keff) of electrodeposited 
granular  Co-Ni  films  on   the   NaNO3   content   of  the  
                                         solution.          

 
 

The dependence of the magnetic properties of the 
films (i.e. coercive field Hc, magnetic anisotropy constant 
Keff) was also studied as a function of the NaNO3 
concentration in solution (figure 4). The values of these 
characteristics varied in the range Hc = (5 - 70) kA/m and 
Keff = -20*104 J/m3 to +40*104 J/m3 depending on c.  

From these measurements, we have found that 
magnetic behaviour of Co-Ni films is: a) ferromagnetic 
with easy plane of magnetization, for the films prepared in 
solution without NaNO3 addition and b) ferromagnetic 
with out of plane easy axis, for those prepared in solution 
with addition. The dependence on c of magnetic behaviour 
of these films could be explained by changes in phase 
content and granular morphology of the samples by 
nitrogen addition.  

The magnetoresistance ratio increases firstly with the 
N concentration and reaches a maximum for c = (0.66 – 
1.35) g/l and then drops slowly. We can find very large 
values (around 60%) for GMR of the granular films 
deposited in these conditions.  

Giant magnetoresistance in such granular films could 
be explained mainly by the elastic spin dependent 
scattering of conduction electrons at the interface between 
magnetic (Co-Ni solid solution grains) and nonmagnetic 
regions (aluminium oxidized substrate islands and rich in 
nitrogen inter-granular regions). The applied field changes 
the magnetic configuration of the system, which also 
depends on the temperature and the grain size distribution 
of the magnetic particles. The magnetic heterogeneity of 
such granular samples may increase the GMR effect, as it 
was observed in granular Co-Ag films [17]. It was shown 
theoretically [17], that the spin-dependent scattering on 
paramagnetic impurities and/or small paramagnetic 
clusters in the nonmagnetic metal is strongly enhanced in 
heterogeneous magnetic systems as compared to 
nonmagnetic metals with dissolved magnetic impurities.  
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Fig.5. Magnetoresistance of some samples deposited 
from solutions with different c, at room temperature (line  
                        is only a guide for the eyes). 

 
 

The enhancement is due to the difference in the 
resistance of the spin-up and spin-down conduction 
channel, which does not cancel out if the spin diffusion 
length is sufficiently large. We have found that the GMR 
effect is very sensitive to the granular structure controlled 
by nitrogen addition, as well as to the specific magnetic 
interactions among the grains separated by thin insulating 
barriers (containing more nitrogen than the grains) because 
it involves the spin-dependent scattering of the conduction 
electrons by the magnetic impurities. 

 
4. Conclusions 
 
Co-Ni granular films containing N as additions were 

electrodeposited on aluminium substrates using a complex 
solution containing NaNO3, in order to modify the film 
morphology and the magnetic and transport properties of 
the films.  

The adsorption of nitrogen on the electrolyte/film 
interface by a cation catalysis effect results in morphology 
changes in granular films. The magnetic characteristics 
and the morphology of the electrodeposited Co-Ni films 
were found to strongly depend on the additive 
concentration of the electrolytic bath. The easy axis of 
magnetization is oriented out of plane for the samples 
deposited from solution with NaNO3 addition. The 
magnetic properties are very sensitive to the grain 
structure, controlled by nitrogen addition and to the 
specific magnetic interactions among the grains. The 
grains are separated by thin insulating interfaces which are 
richer in N than the grain cores and aluminium oxidized 
islands from substrate.  

We have found a correlation between the current-
voltage curves recorded in solutions with different 
concentration of NaNO3 and the results from X-ray 
analysis: namely, the irreversibility/reversibility from 
current-voltage curves could be correlated with structure 
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features, amorphous/ crystalline, respectively.  
  The Co-Ni-N granular films electrodeposited in 

solutions with c = (0.66 – 1.35) g/l display a large GMR 
effect (60%); they could be useful for applications in 
electronics. It is both easy and economical to produce by 
electrolysis Co–Ni-N granular films. The method needs no 
vacuum and can be easily mastered. So, it has a good 
perspective in the prospective industrial production, 
especially, is suited to produce low-cost magnetic sensors. 
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