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a b s t r a c t

The magnetic and microstructural properties of Ni–Co films electrodeposited at different cathode poten-
tials were investigated. The compositional analysis revealed that the Ni content increases from 13 at.% to
44 at.% in the films with increasing deposition potential. Magnetic measurements showed that the satu-
ration magnetization, Ms of the films decreased with increase of Ni content as the deposition potential
increased. M values changed between 1160 emu/cm3 and 841 emu/cm3. The X-ray diffraction revealed
vailable online 19 November 2010
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that the crystalline structure of the films is a mixture of the predominant face-centered cubic (fcc) and
hexagonal closed packed. However, the mixture phase turns to the fcc because of increasing Ni content up
to 44 at.% at the highest (−1.9 V) potential by enhancing the intensity of reflections from the fcc phase. The

agne
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changes observed in the m
in the chemical composit

. Introduction

Magnetic films are important materials for reading/writing
eads, magnetosensors and magnetic data storage devices due to
heir capability and quality [1–3]. In recent years, comprehensive
tudies [2,4] on magnetic films have provided new potential appli-
ations where these films were used. Especially, Ni and Ni–Co
ave been produced with many techniques and largely stud-

ed to develop magnetic and magnetoresistive devices [5–7]. The
lectrodeposition is one of the popular techniques that are used
o produce magnetic films and alloys [1,2,4,7–9]. In electrode-
osition, experimental parameters such as deposition potential,
lectrolyte composition and thickness can change the properties
f deposits [10,11]. In the present work, the characterizations
f Ni–Co films prepared at different potentials were performed
nd the results of investigation were reported. The magnetic
nd structural properties were observed to have a strong depen-
ence on the Ni:Co ratio that was controlled by the deposition
otential.
. Experimental

Ni–Co alloy films were electrodeposited from the electrolyte
ontaining 0.4 M nickel sulfamate, 0.2 M cobalt sulfate and 0.2 M

∗ Corresponding author at: Balıkesir Üniversitesi Fen Edebiyat Fakültesi Çağış
erleşkesi 10145 Balıkesir. Tel.: +90 266 6121278; fax: +90 266 6121215.
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169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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tic and microstructural properties were ascribed to the changes observed
used by the applied different deposition potentials.

© 2010 Elsevier B.V. All rights reserved.

boric acid at the deposition potentials of −1.1 V, −1.3 V, −1.5 V and
−1.9 V. A potentiostat/galvanostat (EGG model 362) was controlled
with a computer potentiostatically and an electrochemical cell with
three electrodes was served for deposition of the films. The plat-
inum foil was used as anode, the titanium (Ti) substrates as cathode
and saturated calomel electrode (SCE) as the reference electrode.
All potentials were with respect to the SCE. Deposition of the films
was realized at room temperature from the unstirred aqueous solu-
tion and the thickness of the deposits was fixed at 3 �m by the aid
of a computer that was programmed according to Faraday’s Law.
After deposition, the films were peeled mechanically from their
substrates and stored in proper conditions for characterizations.

The cyclic-voltammogram (CV) curve of the electrolyte was pro-
cured before deposition of the films. The scans were performed by
using Ti electrode as cathode and scanning the potential from +1.0 V
to −1.5 V with a potential scan rate of 20 mV/s. During growth pro-
cess, the current was also recorded as a function of time to study
the deposition process of the Ni–Co alloys.

The compositional analysis of the films was done by the energy
dispersive X-ray spectroscopy (EDX, GENESIS APEX 4 – EDAX, AME-
TEK) at the same time with the investigation of surface morphology.
The EDX measurements were achieved by inserting a small part
of film on sample holder with conductive adhesive tape. The hys-
teresis loops of films were obtained from the vibrating sample

magnetometer (VSM, ADE technologies DMS-EV9 Model,) by scan-
ning the magnetic field between ±10 kOe at room temperature. The
structural analysis of the films was made with the X-ray diffraction
(XRD, PANalytical) technique by using Cu-K� radiation between
40◦ and 100◦ with the step size of 0.02◦. Surface morphology of

dx.doi.org/10.1016/j.apsusc.2010.11.092
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:alikarpuz@bau.edu.tr
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Voltage (V)

Fig. 1. The CV curve of the electrolyte used for deposition of Ni–Co films.

he films was investigated with the scanning electron microscope
SEM, FEITM, NOVA NANOSEM 430).

. Results and discussion

The electrolyte was characterized by using the CV to find the
ppropriate region of deposition potential. The CV curve of the elec-
rolyte used for the deposition of Ni–Co films is given in Fig. 1. As
een, after about −0.8 V, the current suddenly began to increase.
his corresponds to the ion deposition occurred on the cathode sur-
ace. When the scan was reversed, a broad anodic peak was seen
t around 0.5 V. This peak might be caused by dissolution of the Ni
r Co atoms. Beside, deposition potential values from −0.5 V up to
1.0 V were applied to confirm the CV results and it was shown

hat no proper deposits and film structure formed in this potential
egion for characterization. According to observations, the deposi-
ion potential range of the Ni–Co films was selected to be between
1.1 V and −1.9 V considering the potentiodynamic measurements
nd also the film appearance.

The current–time transients were also recorded during the

eposition process in order to control the stability of deposition as

n [12]. The current–time transients for the films grown at differ-
nt deposition potentials are given in Fig. 2. It was clearly seen that
he current occurred between anode and cathode in the electrolyte
ncreased as the deposition potential increased. It was understood
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ig. 2. The current–time transients of the Ni–Co films grown at the different depo-
ition potentials.
H(kOe)

Fig. 3. The hysteresis loops of the films produced at the different potentials.

that the films were deposited correctly and uniformly since the cur-
rent values were almost stable for each deposition potential as can
be seen in Fig. 2.

The compositional analysis of the films by EDX showed that the
films consist of ∼13 at.%, ∼25 at.%, ∼37 at.% and ∼44 at.% Ni and
∼87 at.%, ∼75 at.%, ∼63 at.%, ∼56 at.% Co for the films deposited at
−1.1 V, −1.3 V, −1.5 V and −1.9 V, respectively. The result means
that the Ni–Co films grown in this potential range present anoma-
lous codeposition because of the reason which was explained in [7].
The anomalous codeposition was also reported for two different
current densities in [7].

The hysteresis loops of the films grown at different potentials are
shown in Fig. 3. The saturation magnetization, Ms, and the coerciv-
ity, Hc, values were drawn as a function of Ni content of the films
as ∼1160 emu/cm3 corresponding to the low (13 at.%) Ni content
and the Ms continued to decrease gradually to the lowest value
(∼841 emu/cm3) since the Ni content of the films increased to the
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Fig. 4. Variation of the Ms and Hc values as a function of Ni content for the Ni–Co
films grown at the different deposition potentials.
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Fig. 6. SEM micrographs of the Ni–Co films deposited at the different deposition
potentials, (a) −1.1 V (13 at.% Ni), (b) −1.3 V (25 at.% Ni), (c) −1.5 V (37 at.% Ni), (d)
2   (degree)θ

ig. 5. XRD patterns of the films grown at the different deposition potentials.

4 at.% at the highest potential. The Ms values decreased with the
ncrease of potential and were found between 1420 emu/cm3 of
he bulk Co and 480 emu/cm3 of the bulk Ni [13]. Hc values of the
lms changed between 152 Oe (±1 Oe) and 46 Oe (±1 Oe) as the Ni
ontent increased from 13 at.% to 44 at.%. It is easy to magnetize
he Ni–Co films deposited at high potentials since the soft mag-
etic properties of the films increased with the decrease of the Hc

ith increasing Ni content. The results are in agreement with the
ompositional dependence of Ms and Hc in other work [14].

XRD patterns of all Ni–Co films were illustrated in Fig. 5.
he results obtained from the XRD measurements revealed a
ixed crystalline structure consisting of mostly predominant

ace-centered cubic (fcc) and the hexagonal closed packed (hcp)
tructures. In the patterns, the (1 1 1), (2 0 0), (2 2 0) and (3 1 1)
eflections of the fcc structure are at the angular position of
� ∼= 44◦, 51◦, 76◦ and 92◦, respectively. Beside, the films have the
10.0) peak of hcp structure (labeled as A in Fig. 5) from the Co at
� ∼= 41◦ except for the film which contains 44 at.% Ni and deposited
t −1.9 V. It is clearly seen that the intensity of the hcp (10.0) peak
ecreases and the peaks of fcc become more dominant for the
ixture structures as the Ni content of the films increases. Mixed

rystalline structure of the fcc + hcp turned to the fcc phase since
he peak occurred at 2� ∼= 41◦ is missing from the XRD pattern of the
lm which contains 44 at.% Ni. Similar change in crystalline struc-
ure depending on alloy composition was also detected in earlier
tudies [15,16]. The preferential texture of the films calculated from
he relative peak intensities of the XRD patterns [17] was the (2 2 0)
cc orientation. The average values of the grain sizes of crystallites
etermined by using the Scherrer formula [7,18] were between
26 nm and ∼39 nm. The recent work [7] reported that the average
rain sizes of electrodeposited Ni–Co alloys were around 10 nm for
ll electrolyte concentration range. The differences of grain sizes
etween present work and [7] may be due to different substrates
nd chemicals which were used during the deposition of films.

Fig. 6 shows the SEM micrographs of the Ni–Co films deposited

t different potentials. It was clearly seen from the figure that
he surface homogeneity decreased when the deposition potential
ncreased. More homogeneous surfaces piled with a large number
f equally sized grains were observed from SEM images of the films

−1.9 V (44 at.% Ni).
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eposited at −1.1 V (13 at.% Ni) and −1.3 V (25 at.% Ni), see Fig. 6(a)
nd (b), compared to that of the films deposited at −1.5 V (37 at.%
i) and −1.9 V (44 at.% Ni) as seen in Fig. 6(c) and (d). When the
i content increased to 37 at.% and 44 at.%, the morphology of the
i–Co films changed dramatically and surface appearance turned

o pebbly structure.

. Conclusions

A series of the Ni–Co films was deposited at the different
eposition potentials and their magnetic and structural properties
ere studied. Ni content of the films increased gradually as the
eposition potential was changed from the −1.1 V to the −1.9 V.
agnetic measurements indicated that Ms decreased as the depo-

ition potential increased. The films consist of mostly a mixed
redominant fcc and hcp phase, and the peak intensities of the fcc
raction increased with the decrease of the hcp (10.0) peak due to
ncreasing Ni content as the potential increased. Thus, the differ-
nces in the magnetic and structural properties of the films may be
ttributed to the compositional differences caused by the variation
f the deposition potential.
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