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Abstract The Ni—-Co films were produced by using the
electrodeposition technique from the electrolytes with
different Ni(SO3-NH,),-4H,O concentrations (from 0 to
0.45 M). The Ni content of the films changed gradually
from 0 to 57 %. The Ni—Co system exhibited anomalous
codeposition. For 0 at.% Ni content, the saturation mag-
netization, M; of the film was found to be 1298 emu/cm?,
which is close to that of bulk Co (1420 emu/cm3). As the
Ni content increased, M, decreased since the M, value of
bulk Ni (480 emu/cm3) is lower than that of bulk Co. The
coercivity, H, of Co film was found as 37 Oe. When the Ni
content increased to 6 at.%, the H. value dramatically
increased to 109 Oe. The hexagonal closed packed (hcp)
structure was observed for the films containing 0 and
6 at.% Ni. When the Ni content increased to 25 at.%, a
mixed phase of face centered cubic (fcc) and hep structure
(mostly fcc) was detected. For further increase in Ni con-
tent (39 and 57 at.%), the peaks which occurred from the
reflections of fcc phase were obtained. As a result of
structural analysis, the Co content can be determined as
62-64 at.% for changing of crystal structure. The trans-
figuration from spherical granular to acicular surface
morphology occurred around 75 at.% Co content.
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Magnetoresistance of the films was measured and it was
found that the films show anisotropic magnetoresistance.

1 Introduction

Electrochemical production of magnetic layers is very
useful method due to controllable experimental conditions
[1]. Furthermore, it has considerable advantages like rapid
production, low cost and easy control in terms of deposi-
tion parameters [2]. Many kinds of magnetic films can be
produced with electrodeposition [3, 4]. Among these films,
Ni—Co alloys are utilized in important applications because
of their unique properties such as magnetic, heat conduc-
tivity and strength [5]. Magnetic properties of these alloys
also provide a large usage and many advantages in engi-
neering applications [6]. Also, Ni-Co films are important
materials for investigation of magnetic properties and have
been widely studied by scientist. Because the magnetic
properties of Ni—Co films are significantly affected by their
microstructural properties as well as their film content [7],
the systematic characterizations of compositional and
structural properties are primary topics for investigations.
There are several studies reported the changes in properties
of Ni—Co alloys caused by different experimental condi-
tions. Whereas the studies [8] and [9] have concentrated on
the effect of the current density and temperature on prop-
erties of Ni—Co films, respectively, the studies [1] and [10]
investigated the influence of pH and the behavior of cor-
rosion resistance, respectively. Also, the earlier studies [5,
9, 11] have indicated that the Ni content has a significant
effect on the properties of electrodeposited Ni—Co films.
The aim of this study is to investigate the properties of
Ni—Co films, which were deposited by changing the Ni con-
centration of the electrolyte. The crystal structure and the
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surface morphology of the films change with the Ni concen-
tration, and hence depending on the Ni content of the films as
well as magnetic and magnetoresistance (MR) properties.

2 Experimental

Ni—Co films were electrodeposited at room temperature from
the unstirred electrolytes with different nickel sulfamate
concentrations. The baths with following concentrations were
used for electrochemical  deposition: 0-045M
Ni(SO5:NH,),-4H,0; 0.2 M CoSO,4-7H,0; 0.2 M H3BO;.
All electrolytes were prepared by using distilled water. A
potentiostat/galvanostat (EGG Model 362) with three elec-
trodes was used for depositions. A titanium plate was used as
substrate and a platinum plate was used as counter electrode
while the reference electrode was a saturated calomel elec-
trode (SCE). The surface area of the substrate was 2.88 cm?
and the same area was used for all depositions. All potentials
were adjusted with respect to the SCE. For codeposition of Ni
and Co ions, the cathode potential was determined by con-
sidering the cyclic voltammetry analysis which was done in
our earlier study [7]. Hence, the all depositions were carried
outat —1.9 V. The pH of the electrolytes which were used for
deposition was 2.85 £ 0.05 and the thickness of the films was
chosen as 3 pum. The choice of this pH, thickness and elec-
trolyte concentration value was based on some preliminary
production to get appropriate film structure for characteriza-
tion. After deposition, the Ni—Co films were peeled off from
their substrates and preserved under proper conditions.

The compositional analysis was achieved by using an
energy dispersive x-ray spectroscopy (EDX, GENESIS APEX
4—EDAX, AMETEK). The magnetic investigation was done
by a vibrating sample magnetometer (VSM, ADE TECH-
NOLOGIES DMS-EVY9). X-ray diffraction (XRD) results
were obtained by using an x-ray diffractometer (PANalytical)
with Cu—K,, radiation by scanning 26 between 40° and 100°.
The surface morphology of the films was observed by a FEI™,
NOVA NANOSEM 430 scanning electron microscope (SEM).
MR measurements were carried out by using the van der Pauw
geometry with four point probes [12]. The applied magnetic
field was in the film plane and it was changed between
+10 kOe. The electric current was applied both parallel and
perpendicular to the magnetic field for measurements of lon-
gitudinal (LMR) and transverse magnetoresistance (TMR),
respectively, as in [13]. To calculate the percentage changes in
MR, the equation given in Ref. [14] was used.

3 Results and discussion

A series of Ni—Co films was produced from the electrolytes
containing different Ni concentrations. In other words,
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Fig. 2 Co contents of the films as a function of Co ion concentrations
of the electrolytes

while the CoSO, and H3;BOj3 concentrations were kept at
the constant values (0.2 M), the Ni(SO5-NH,), concentra-
tion was adjusted as 0, 0.05, 0.15, 0.25, 0.45 M. To control
deposition processes, the current-time transients were
obtained during the depositions as done in [11]. The tran-
sients were given in Fig. 1 for each film. It was understood
that the current intensity which occurred between electrodes
during deposition increased when the Ni ion concentration
was increased. The increase of current intensity can be
explained with increase in amount of metal ions that par-
ticipated to the depositions. Similar behavior was seen in
study [15] that reported the role of Cu content on properties
of Fe—Cu films. On the other hand, the current also increases
in the current—time transient of the study [16], when the
cathode potential is increased. Furthermore, the current
intensity values remained almost at a stable value for each
film (see Fig. 1). This stability implies that the metal ions
were uniformly deposited and charge of deposition was
almost in a constant value for each deposition separately.
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Fig. 4 In-plane (parallel) and perpendicular hysteresis loops of the
Co film

According to compositional analysis, when the Ni con-
centration was changed from 0 to 0.45 M, the Ni content of
the films varied gradually in the region of 0-57 at.%. In
other words, the Ni content was found as 0, 6, 25, 39 and
57 at.% for the films deposited from the electrolytes con-
taining 0, 0.05, 0.15, 0.25, 0.45 M Ni(SO3-NH,), concen-
trations, respectively. The rest of the films was detected as
Co atoms. It is obvious that increasing Ni concentration
leads to increasing Ni content in the film. Similarly, in study
[12] which investigated Co—Fe films, Fe content of films
increased from around 1 to around 28 % when concentra-
tion of Fe was increased from 0.01 to 0.12 M. Figure 2
indicates the percentage of Co in the films according to Co
percentage in the electrolyte. It was detected that percentage
of Co in the films was higher than Co percentage of the
electrolyte for all films deposited. This is described as
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Fig. 5 XRD patterns of the films deposited with different Ni
concentrations

anomalous codeposition as found in [5, 7]. The results also
revealed that the anomalous type of Co and Ni codeposition
can be seen for Co electrolyte concentration of 57-100 %.
This concentration region was unexplained in our earlier
studies [7, 11].

In the point of magnetic properties, saturation magne-
tization, My and coercivity, H. were considered and char-
acterized as a function of film content. The M, values of the
films were found as 1298, 1117, 985, 931, 683 emu/cm’ for
the films with 0, 6, 25, 39 and 57 % at. Ni content,
respectively (see Fig. 3). Since the M, value of a magnetic
film depends mainly on its film content and the M, value of
bulk Ni is lower than that of bulk Co [17], the My value
decreased as the Ni content increased for the Ni—Co films
electrodeposited in this study. This is an expected case for
Ni—Co alloys. The same change of M can also be seen in
study [18] that investigated Ni-Fe films. The acquired
values in this study are generally compatible with our
earlier study [7] which investigated the Ni—Co films in the
region of 0-80 at.% Co content. Furthermore, the study
also reported the My and H. values for pure Co film (0 M
Ni) which was unexplained in [7]. The in-plane (parallel)
hysteresis loop of the Co film was plotted in Fig. 4. The
in-plane H, of the Co film was found as 37 Oe. When the
Ni content of the film was 6 at.% (0.05 M Ni) the H,
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Fig. 6 SEM micrographs of the films, a 0 M (0 at.% Ni), b 0.05 M (6 at.% Ni), ¢ 0.15 M (25 at.% Ni), d 0.25 M (39 at.% Ni), e 0.45 M

(57 at.% Ni)

dramatically increased to 109 Oe and remained almost at
this value (105 Oe) for the film containing 25 at.% Ni
content (0.15 M Ni). The reason of these high H. values
was associated with change in crystal structure of films and
discussed in results of XRD analysis. Similarly, a large
difference in H. values was previously detected in study
[19] for Co film and the film with ~20 % Ni content by

using chloride bath. For the higher Ni contents (39 and 57
at. %), the in-plane H, values decreased to 43 Oe. It was
understood that the in-plane H. of the Ni—Co films has the
peak values in the region of 6-25 at.% Ni content and it is
difficult to magnetize these films compared to the other
films which were characterized in this study. The H. values
confirm the values found in study [7] for the region of
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Fig. 7 LMR and TMR curves of the films, a 0 M (0 % Ni film
content), b 0.05 M (6 % Ni film content)

40-80 at.% Co content. The perpendicular hysteresis loop
was also obtained by applying the magnetic field perpen-
dicular to the surface of Co film, see Fig. 4. Since the in-
plane hysteresis loop has a higher remanent magnetization
and a lower H. value than perpendicular loop, it can be
understood that the easy-axis direction of the magnetization
is in the film plane due to the shape magnetic anisotropy.
The XRD patterns of the films were presented in Fig. 5.
As seen in the figure, only one diffraction peak was
observed at 20 ~ 76° in the XRD pattern of the pure Co
film. Because Co has the hexagonal closed packed (hcp)
crystal structure [7], this main peak can be supposed as the
hep (11.0) peak. The hcp phase was also obtained for the
film produced from 0.05 M nickel sulfamate (6 % Ni film
content). In its XRD pattern, a small hcp (10.0) peak was
detected at 20 ~ 41° with the hep (11.0) main peak. When
the Ni concentration was done 0.15 M (25 % Ni film
content) a mixture of face centered cubic (fcc) and hep
phase formed as seen in Fig. 5. Additionally, it was sug-
gested that the high H, values (109 and 105 Oe) may be
due to the (10.0) hcp plane detected in the XRD patterns of
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the films with 6 and 25 % Ni contents. For 0.25 and 0.45 M
Ni concentrations (39 and 57 at.% Ni contents, respec-
tively), the peaks occurred from the reflections of only fcc
phase were obtained. These are (111), (200), (220) and
(311) peaks. Thus, it was understood that the hcp crystal
structure can be changed gradually to fcc phase, when the
Ni content of the films increases from 0 to 39 % or higher
values. In other words, the proportion of fcc phase
increases as the Ni content in the deposits increases. Strong
grain boundary segregation in the investigated Ni—Co films
may be responsible for the disappearance of the hcp phase
at lower Co contents. It was earlier reported in our study
[7] that while the film with 58 % Co content has an fcc
crystal structure the film with 64 % Co content has an
fcc 4 hep structure. Since the film with 61 % Co content
in the present study has the fcc phase, the Co content value
can be determined as 62-64 % for changing of crystal
structure from fcc to fcc 4 hep phase.

Figure 6 shows the SEM micrographs of the films
deposited from electrolytes with different Ni concentrations
from 0 to 0.45 M. The surface morphology is very rough
and looks like a surface of an emery paper when the Co
content is significantly higher than the Ni content of the
films. These morphologies are seen in the surfaces of the
films containing 0 and 6 % Ni content (Fig. 6a, b). Also, the
same surface appearance was observed for a film having
20 % Ni content in our earlier study [7]. The morphology
becomes nearly acicular and acicular structure, when Ni
content increases to 25 and 39 %, respectively, see Fig. 6c,
d. Besides, it is possible to observe the clear transition from
spherical granular morphology to acicular morphology,
since the grains in Fig. 6¢ are bigger than those of Fig. 6b
and thicker than those of Fig. 6d. In Fig. 6¢c, the surface
morphology seems as a mixture of spherical granular and
acicular morphologies. Thus, the film content region can be
more accurately detected for transition of morphology from
spherical granular to acicular morphology when the present
study and the study [7] are considered. Furthermore, the all
surface morphologies which were observed in the present
study are compatible with the previous study [7]. In addi-
tion, it is obviously seen in the Fig. 3 that the decrease of Mg
with increasing Ni content deviates from linearity. The
reason for this deviation can be attributed to the grain
boundary segregation of the crystallites in the Ni—Co films
which have micrometer scaled grain sizes, as seen in the
SEM micrographs. Straumal et al. [20] have recently
demonstrated that in the case of low grain size, the grain
boundary segregation of components can lead to a deviation
from linear change of My, depending on the content of alloy.

The LMR and TMR curves of the films are given in
Fig. 7. Figure 7a shows the LMR and TMR curves of
the Co film and Fig. 7b represents those of the film
deposited from electrolyte with 0.05 M Ni concentration
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(6 % Ni film content). As seen in the figures, the TMR
values are around 3.5-4 % for both of the films. However,
the LMR value increases from around 3.5 to around 5 %,
when the Ni content increases from O to 6 %. In other
words, the content change of 6 % has more significant
effect on LMR compared to TMR. Also, the figures reveal
that as the magnetic field increases LMR increases, while
TMR decreases. Therefore, it can be concluded that the
detected MR type is the anisotropic magnetoresistance as
found in [12, 18].

4 Conclusions

In the present study, the Ni—Co films were studied by
considering their crystal structures, surface morphologies,
magnetic and magnetotransport properties. Since the
results obtained in this study and the study [7] show sim-
ilarities, it can be concluded that the properties of Ni—-Co
films are independent of the type of cation varying in the
electrolyte consisted of nickel sulfamate and cobalt sulfate.
The characteristics of Ni—Co films are mainly affected by
different film contents caused by the variation of nickel
sulfamate concentration in the electroplating bath. The Co
and Ni codeposition occurs as the anomalous type in the
57-100 % Co concentration region which was unexplained
in our earlier study [7]. The crystal structure and the sur-
face morphology of the Ni—Co films vary depending on the
Co content regions of 62—-64 and 75 at.%, respectively.
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