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Role of pH and current density in electrodeposited soft
magnetic Co-Ni-Fe alloy thin films
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The influence of pH and current density on the structural and magnetic behavior of soft magnetic Co-Ni-Fe alloy thin
films has been studied. The effect of pH and current density on the compositional, structural, and magnetic properties of the
as-obtained films was investigated by EDX (energy dispersive analysis by X-rays), XRD (X-ray diffractometer) and VSM
(vibrating sample magnetometer). The EDX results revealed that at the optimized deposition conditions, nickel content was low
compared with cobalt and ferrous content. X-ray diffraction patterns revealed that the deposited films have polycrystalline nature
with mixed (fcc-bec) cubic structure and small crystallite size (<20 nm). The films prepared in optimized conditions exhibit
high saturation magnetization (47M;s value above 2T) and low coercivity (below 160 A/m), which may be due to the reduced

crystallite size.
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1. Introduction

Soft magnetic alloy thin films are usually pre-
pared by means of electrodeposition. Electrochemi-
cal deposition of metals and alloys onto metallic
substrates play an important role in several new
technologies such as magnetic sensors, magnetic
recording heads and microelectromechanical sys-
tems [1]. It is a very effective method because of
its simplicity and low cost synthesis. The soft mag-
netic alloy thin films are utilized in thin film record-
ing heads to meet the future trends in high-density
magnetic recording. NiFe [2, 3], FeSiAl [4], Co-
TaZr, CoNbZr [5] and nanocrystalline FeTaN films
[6, 7] are widely used in the read write heads. Re-
cently, Co-Ni-Fe alloy thin films have received a
great interest because of their possible applications
in magnetic recording devices [8]. Thin-film mag-
netic recording heads fabricated by the electrodepo-
sition are attractive because it is possible to produce
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precise structures, such as very narrow head gaps
and tracks, which enables the area recording density
to be higher and higher [9]. In general, Co-Ni-Fe al-
loys possess excellent, soft magnetic properties and
in some cases, they exhibit a high magnetic moment
and low coercivity [10-12]. Many research workers
have dealt with the properties of Co-Ni-Fe alloy
thin films deposited by electroplating method us-
ing organic additives such as saccharin and thiourea
[13, 14]. However, Co-Ni-Fe alloy thin films with
higher saturation magnetization and low coercivity,
manufactured using an aqueous electrolytic bath
without any organic additives have not been reported
yet [10]. The solution pH and current density vari-
ations have an influence on the composition of the
alloy [15]; the stability of the films can be improved
by increasing the solution pH from 2.0 +0.1 to 3.0
+0.1 [16]. The objective of the present study is to
obtain the Co-Ni-Fe alloy thin films prepared using
solutions of changing pH at different current density
values. The effect of pH and current density on struc-
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tural, compositional, morphological and magnetic
properties of the films is studied and discussed.

2. Experimental details

The electrodeposition of soft magnetic Co-Ni-
Fe alloy thin films was carried out galvanostati-
cally in a three-electrode system, using Cu sub-
strate as a working electrode, a graphite plate as a
counter electrode, and a saturated calomel electrode
(SCE) as a reference electrode. The substrates were
washed previously in H,SOy4 solution to remove
any oxide formed. The electrolytic bath consisted
of 0.085 M CoS0O4, 0.18 M NiSO4, 0.04 M FeSOy,
0.37 M H3BOs3 and 0.30 M NH4Cl without any
organic additives. Ammonium chloride and boric
acid were added as supporting electrolyte and pH
buffer, respectively. All the solutions were prepared
by dissolving the analytical reagent grade reagents
(99.5 % purity, acquired from S.D Fine Chemicals,
Mumbai, India) in de-ionized water. The electro-
chemical experiments were carried out at various
current densities from 3.5 to 12.5 mA/cm?2, at va-
rious solution pH from 2.0 to 3.5 £0.1. The pH of
the electrolytic bath was altered by adding an ad-
equate amount of HySO, up to the required value
using a digital pH meter. The deposition was carried
out using a potentiostat/galvanostat (EG&G, Model
362, PAR, USA).

The film composition and morphological proper-
ties were determined by energy dispersive analysis
with a X-ray set up attached to a scanning elec-
tron microscope (Philips, model XL 30). The struc-
tural properties of the films were investigated using
a X-ray diffractometer (X Pert PRO PANalytical,
NETHERLAND) employing CuK¢ radiation with
A =1.540 A. The magnetic properties of the films
were studied using Vibrating Sample Magnetometer
(7404 Lakeshore, USA).

3. Results and Discussion

3.1. Compositional analysis

The quantitative analysis of Co-Ni-Fe alloy thin
films was carried out in order to determine the rela-
tionship between Co, Ni, Fe content at various solu-
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Fig. 1. Co, Ni, and Fe content in electrodeposited Co-
Ni-Fe thin films as a function of various solution
pH values.

tion pH and current density values. The composition
analysis of Co-Ni-Fe alloy thin films was performed
using energy dispersive analysis with a X-ray set
up attached to a scanning electron microscope. The
EDAX spectrum was taken at various points and
the average composition was given with 5 % error.
Fig. 1 shows the dependence of film composition
on solution pH values in electrodeposited Co-Ni-Fe
alloy thin films. It can be noticed that the content of
cobalt increases from 55 to 60 % and the content of
Fe increases from 21 to 30 % while increasing the
pH value from 2.0 to 3.0; at higher pH values both
of them slightly decrease. In contrast, the content of
Ni decreases from 24 to 10 % at pH values from 2
to 3 and then gradually increases. Similar trend was
noted for Co-Ni-Fe alloy thin films prepared using
pulse-reverse electroplating method by Rasmussen
et al. [17]. The composition of Co-Ni-Fe alloy thin
films prepared at various current densities is shown
in Fig. 2. It can be observed that the content of
cobalt increases from 57 to 62 % while increasing
current density value from 3.5 to 12.5 mA/cm?. At
the same time, the content of nickel decreases from
18 to 10 % and the content of Fe increase from 25
to 30 % up to the current density of 9.5 mA/cm?.
At higher current densities the tendency reverses:
the content of Ni increases and the content of Fe
decreases.
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Fig. 2. Co, Ni, and Fe content in electrodeposited Co-
Ni-Fe alloy obtained at various current densities.
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Fig. 3. XRD patterns of Co-Ni-Fe films electrodeposited
at various solution pH values: a) 2.0 0.1 b) 2.5
£0.1¢) 3.0 £0.1d) 3.5 +0.1.

3.2. Structural studies

Co-Ni-Fe alloy thin films electrodeposited at va-
rious pH and current density values were subjected
to X-ray diffraction analysis to examine their struc-
tural properties. X-ray diffraction patterns of Co-Ni-
Fe alloy thin films electrodeposited at various pH
values from 2 to 3.5 £0.1 are shown in Fig. 3a—d. It
can be observed in Fig. 3a, that the films deposited
at lower pH values around 2.0 £0.1, exhibit only
the bee structure with preferential orientation along

Solution pH

Fig. 4. Variation of crystallite size and strain of the films
obtained at different solution pH values.

(110) plane and in a smaller degree along (200)
plane. Further increase in the value of pH above
2.0 0.1 results in the formation of both bcc (110)
and fcc (111) planes. The film prepared at the opti-
mized pH value of 3.0 exhibits mixed fcc (111) and
bee (110) phases. This behavior may be due to the
increase in Fe content compared to Ni content. If
the pH value is increased above 3.0, the fcc (111)
phase is found to decrease whereas the bee (110)
phase becomes more dominant. This may be due to
the increase in Ni content and decrease in Fe con-
tent. For the structural characterization, thin films
of approximately 900 nm thickness were used.

The crystallite sizes of the deposited films
were calculated using FWHM data and the Debye-
Scherrer formula

092
~ BcosBp

(D

where: A is the wavelength of CuKa target (A =
0.1540 nm), B is Full Width at Half Maximum of
the peak in radians, 0p is Bragg’s diffraction an-
gle at peak position in degrees. The variation of
crystallite size and strain corresponding to the con-
sidered pH values are shown in Fig. 4. The crystal-
lite size decreases from 22 nm as pH increases up
to the optimized pH value of 3.0 0.1 and then it
slightly increases to 16 nm for the highest pH. So,
the decrease in crystallite size is observed at the
occurrence of the mixed phase. However, the strain
values show an exactly reciprocal pattern to that
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of crystallite size. Reduction of the crystallites size
is responsible for an increase in the micro strains
in magnetic alloys [18]. The fcc-bcc mixed phase
formed, exhibits finer crystal structure compared
to the crystal structure of bee or fcc single phases
[8]. The mixed fcc-bee phase consisting of small
crystallites possesses excellent magnetic properties
which can be exploited for the core material for read
write heads [19]. Fig. 5a—d shows X-ray diffrac-
tion patterns of Co-Ni-Fe thin films deposited at
various current densities. Some new peaks emerge
at bee (200) and fcc (220) plane, when the current
density during the film deposition increases above
6.5 mA/cm?. As the current density increases, an in-
crease in fcc (111) phase can be observed. At higher
current density the fcc phase dominates. A transi-
tion of the film crystalline structure from bcc to fcc
is associated with the increase in Ni content [20].
The bce and fcc mixed phases of Co-Ni-Fe alloy
are observed at the optimized value of current den-
sity equal to 9.5 mA/cm? as shown in Fig. 5. When
the current density increases above 9.5 mA/cm?,
the cobalt and ferrous content in Co-Ni-Fe alloy
thin films increase whereas nickel content decreases.
Fig. 6. shows the variation of crystallite size and
strain for the films deposited at different current
densities. The effect of current density on crystallite
size and strain shows the similar behavior as those
observed with pH variation.

Fig. 7 shows a typical scanning electron micro-
graph of Co-Ni-Fe alloy thin films prepared at opti-
mized current density (9.5 mA/cm?) and pH value
(3.0 £0.1) of the electrolytic bath. The morphology
of the films was studied employing a scanning elec-
tron microscope. A typical morphology comprises
very small sized and uniformly distributed grains.

3.3. Magnetic Properties

Co-Ni-Fe alloy thin films prepared at various
solution pH values from 2.0 0.1 to 3.5 £0.1 and
current density values from 3.5 to 12.5 mA/cm?
were subjected to vibrating sample magnetometer
tests to study their magnetic properties. Soft mag-
netic thin films are characterized by low value of
coercivity (Hc), i.e. the critical field strength needed
to reverse the direction of magnetization. Actually,
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Fig. 5. XRD patterns of Co-Ni-Fe films elec-
trodeposited at various current densities
a)3.5mAcm 2b)6.5mAcm2c)9.5 mA cm 2
d) 12.5 mAcm~2.
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Fig. 6. Variation of crystallite size and strain in the films
obtained at different current density values.

reducing Hc of the soft magnetic Co-Ni-Fe thin film
is important for magnetic recording purposes. Fig. 8.
shows the variation of coercivity (in plane) with cur-
rent density for Co-Ni-Fe alloy thin films obtained
at different pH values. It can be observed that the
value of coercivity decreases while increasing the
current density value from 3.5 to 9.5 mA/cm? after-
wards it slightly increases. The value of coercivity
attains its minimum value of 154 A/m at the opti-
mized current density value of 9.5 mA/cm? and pH
value of 3.0 +0.1. The considerable decrease in He
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Fig. 7. Typical scanning electron micrograph of CoNiFe
alloy thin films electrodeposited at optimized pH
(3.0 £0.1) and current density (9.5 mA/cm?).

may be due to the transition from a single bcc struc-
ture to the fcc/bee-phase mixture. Co-Ni-Fe film
with an extremely low value of Hc is composed of
mixed fcc-bee phases consisting of very fine crystal-
lites [19]. The variations of saturation magnetization
and remanence with respect to current density are
shown in Fig. 9. It can be seen that the values of
saturation magnetization and remanence increase
while increasing the current density values and at-
tain the maximum values for the films prepared at
the optimized current density of 9.5 mA/cm?, there-
after both the saturation magnetization and the rema-
nence slightly decrease. The variations of saturation
magnetization and remanence with solution pH va-
lues are shown in Fig. 10. It is observed that the
values of saturation magnetization and remanence
increase while increasing the solution pH values and
attain their maximum values for the films prepared
at optimized pH value of 3.0, thereafter both the
saturation magnetization and the remanence slightly
decrease. The increase in the value of saturation
magnetization may be due to the increase in Fe
content in the films prepared at various values of
current density and solution pH which is illustrated
in the compositional analysis. Moreover, the film
deposited at pH value of 3 exhibits a low coercivity
(Hc = 154 A/m) and high saturation magnetization
(4nMg = 2.09 T). Similar variations of coercivity
with solution pH and current density values have
been reported earlier [15, 21].

Current density (mA cm?)

Fig. 8. Dependence of coercivity of electrodeposited
Co-Ni-Fe alloy thin films on current density and
solution pH.
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Fig. 9. Variation of saturation magnetization and rema-
nance of Co-Ni-Fe films obtained at different
current density values.

4. Conclusions

Soft magnetic Co-Ni-Fe alloy thin films were
electrodeposited galvanostatically from sulfate elec-
trolytic bath at various solution pH and current den-
sities. The compositional analysis revealed that the
content of Co and Fe increased and the content of
Ni decreased up to pH value of 3.0 +0.1, afterwards
the trend was reversed. The same behavior exhibited
the films prepared at various current densities, but
the Co content increased even when the current den-
sity exceeded the optimized value of 9.5 mA/cm?.
X-ray diffraction patterns showed that the formation
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Fig. 10. Variation of saturation magnetization and rema-
nance of Co-Ni-Fe films obtained at different
solution pH values.

of mixed (bcc-fce) phases consisting of very fine
crystallites occurred at optimized pH and current
density values. Co-Ni-Fe alloy thin films with high
saturation magnetization (47Ms) value of 2.09 T
and low coercivity value (Hc) of 154 A/m were ob-
tained under optimized conditions. The structure,
composition of the films and their magnetic proper-
ties were strongly dependent upon both solution pH
and current density values.
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