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Abstract: The electroplating behavior of nanocrystalline CoNiFe soft magnetic thin film with high saturation magnetic flux density
(Bs 2.1 T)and low coercivity (H.) was investigated using cyclic voltammetry and chronoamperometry methods in conjunction with
the scanning electron microscopy (SEM/EDX). The results show that, under the experimental conditions, the co-deposition of
CoNiFe film behaves anomalously due to the atomic radii of iron series elements following the order of 7, 7c, ;. In the case of
lower electroplating current density, the co-deposition of CoNiFe film follows a 3-D progressive nucleation/growth mechanism,
while in the case of higher electroplating current density, which follows a 3-D instantaneous nucleation/growth mechanism.
Meanwhile, the change of nucleation mechanism of CoNiFe film with electroplating current density was interpreted theoretically in
the light of quantum chemistry.
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1 Introduction

Soft magnetic materials are a central component of
electromagnetic devices such as step motors, magnetic
sensors, transformers and magnetic recording heads. The
electrodeposited CoNiFe alloy that possesses a very high
saturation magnetic flux density(B;) and low coercivity
(H,) can meet the requirement for the development of
micro-electro-mechanical — system(MEMS) and has
attracted much attention[1-3]. Generally, the desirable
properties of the electrodeposited CoNiFe alloy is
directly related to its chemical composition and
microstructure[4,5], which mainly depends on the
nucleation kinetics and the growth mechanism of the first
metallic nuclei formed on the initial substrate[6,7].
Electrocrystallization over different substrates is
commonly related to only one kind of nucleation process
[8—10]. And complex deposition system consists of two
or more nucleation processes with sophisticated
transitions between the different types[11].

Characterization of electrocrystallization nucleation/
growth process is usually performed by analyzing the

cyclic voltammograms and the current transients
obtained using chronoamperometry technique, and a
number of different theoretical formalisms have been
developed to identify the different nucleation processes,
e.g., incorporation of atoms into the nuclei or diffusion
and different growth types, e.g., two-dimensional(2D)
and three-dimensional(3D)[12—-29].

The aim of this study is to obtain the nanocrystalline
CoNiFe soft magnetic thin film with high saturation
magnetic flux density and low coercivity, especially to
probe into the corresponding electrocrystallization
mechanism.

2 Experimental

The experimental electrolyte was prepared with AR
grade reagents and twice distilled water, and the pH
value of the solution was adjusted using H,SO, and
NaOH. CoNiFe deposition was performed using a
dual-pulse electroplating workstation (SMD-30, China).

Cyclic  voltammetry and chronoamperometry
measurements were performed with a commercial Model
660A electrochemical analyzer/workstation (CH Instru-
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ments Inc, US). And a three-electrode system consisting
of cycloidal polycrystalline brass electrode with an area
of 0.502 7 cm® exposed used as working electrode (WE),
saturated calomel (reference) electrode (SCE) and a large
bright platinum foil as the counter electrode, was
employed. Before each test, the exposed surface of the
WE was polished with silicon carbide papers from 3 pm
through 1 to 0.5 um, rinsed with the twice distilled water,
washed in acetone, rinsed with the twice distilled water
again and then dried in air. After the experiments,
scanning transmission electron microscopy (SEM,
HITACHI S-570, Japan) and material property analysis
system (PPMS-9, US) were used to characterize the
morphologies and saturation magnetic flux density (B,
applying the magnetic field in the film plane) of the
electrodeposits. Each experiment was repeated at least
three runs, and the values reported in this study were the
averages of the replicate runs.

The experimental temperature was 25 + 1
trolled by thermostat water tank and all potentials were
referred to SCE.

con-

3 Results and discussion

3.1 Anomalous codeposition behavior of nanocry-

stalline CoNiFe soft magnetic thin film

Table 1 lists the optimized pulse-reverse electro-
plating variables and the contents of Fe, Co and Ni in
electrodeposited CoNiFe film and the corresponding
electroplating solution. It can be seen that, under the
experimental conditions, the electroplating of CoNiFe
follows the anomalous co-deposition mechanism. So far,
many attempts have been made to explain the anomalous
co-deposition of iron group alloys, but there is still no
universally accepted theory[30].

Generally, it is well accepted that the electro-
chemical reduction of iron-group metal ions on the
cathode surface obeys the following mechanism[30]:

2H,0+2e — H,+20H~ (1)
M*+OH - M(OH)" )
M(OH)" - M(OH) 3)

Table 1 Electroplating parameters and composition of CoNiFe film
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M(OH)y, +2¢ -~ M+OH™ )

where M designates iron, cobalt and nickel atoms.
Therefore, the reduction rate of M mainly depends on the
stability of M(OH);;, or M(OH)', i.e. the atomic
orbital (@, and ®g) overlapping integral (S) of M and O
in OH, the larger the S, the more stable of
M(OH)};, or M(OH)". Based on the electroplating
mechanism of iron-group metals represented by
Eqns.(1)—(4) and the theory of molecular orbital[31],
Sa.p 1s directly proportional to the product of the radial
function of the two bonding atoms (R, ; a¢y Rn, 1, B»)-

Ry 1, a0y Ru, 1, B9 Q)

Because the energy of the empty 3d-orbit is less
than that of 4s-orbit, the first electron from the cathode
will fill into the 3d-orbit preferentially. In this case, the
empty orbit of the monovalent iron-base metal ions in
M(OH) ;4 will be the 4s-orbit. For the 4s-orbital of Fe,
Co and Ni:

Sa-B

dr
. <0 (6)
therefore, R, ; , decreases with the increase of the atomic
radius () of iron series elements. Because the radii of
iron series ions (M>") follow the following order[32]: r.
rco TnNi (Table 2), then SO*Ni SO*Co Sofpe, i.e. the
stability of the iron-group metal monohydroxide ions or
metal hydroxides can be sorted in the following order:
Ni(OH)" Co(OH)" Fe(OH)", which will result in the
anomalous codeposition of iron-group metals under the
experimental conditions (Table 1). The above stability
order of the iron-group metal monohydroxide ions or
metal hydroxides is also supported by calculating the
crystal field stabilizing energy(CFSE) of Ni(OH)',
Co(OH)" and Fe(OH)" using GAUSSIAN94 software
[33], on the basis of the electrodeposition mechanism
shown in Eqns.(1)—(4) and that, under the electroplating
conditions, the OH  is a kind of weak ligands which will
result in high spin ligated compounds[34](Table 2).
Certainly, when the electroplating solutions,
especially the ligants of the monovalent iron-base metal

Rotating speed Bath Cathodic peak Cathodic pul Anodic peak Anodic rever Total
of solution/ Bath pH temperature/  pulse current/ leli) ﬂ: /11’:1 1; ¢ reverse l(c)en Cth?mes s¢ electroplating
(rmin") A g current/A g time/min
0—1 000 2—4 20—-40 0.02—0.04 100—600 0.005—-0.015 10—60 3-20
(NH,CI)/ N Ss?dﬁz?;/( - (CoSO,)/ ¢(FeSO,)/ ¢(NiSO,)/ Composition of optimized CoNiFe deposit
_ urvy-su . _ _ _
(oL ) FHREEREEIET T molL™)  (molL)  molL) ey wCol%  w(Ni)%
0.1 0.03 0.1 0.01 0.3 30.50 64.49 5.01
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Table 2 Radii of iron-group ions (M**) [32] and CFSE of
Ni(OH)", Co(OH)" and Fe(OH)"

Ion Radius/m CFSE/7.21eV
Fe*'/Fe(OH)" 7.5>107" —0.753 088
Co**/Co(OH)" 7.2>107" —0.660 665
Ni**/Ni(OH)" 7.0<107" —0.656 686

ions and the electroplating solution pH value are changed,
the compound structure of iron-base metal ions will
change and normal codeposition will occur[30].
Meanwhile, the change of the parameters of
pulse-reverse technique will also change the composition
of deposits due to their dissolution in reverse-plating
time domain.

3.2 Characterization of nanocrystalline CoNiFe soft

magnetic thin film

The morphology and the composition of the
optimized electrodeposited CoNiFe film  were
characterized using SEM and EDX respectively. It can be
seen that the surface of the film with the chemical
composition of 30.50Fe64.49Co05.01Ni is sufficiently
smooth (Fig.1(a)) and possesses nanocrystalline structure
(Fig.1(b)). The results indicate that, under the optimized
electroplating conditions, the hydrogen generated from
Eqn.(1) has less influence on the morphology of the
deposit for that, the hydrogen generation will influence
the morphology of deposits and usually results in
dendrite (or cauliflower shape).

Fig.2 shows the hysteresis curve of the
electrodeposited CoNiFe film. It can be seen that the film

Fig.1 SEM images of CoNiFe film: (a) Macrocosm; (b) Enlarged
diagram of Fig.1(a)
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Fig.2 Hysteresis loop of nanocrystalline CoNiFe film with
composition of 30.50Fe64.49Co05.01Ni

posses high saturation magnetic flux density (B, 2.1 T)
and low coercivity(H,), and can meet the requirement for
the development of micro-electro-mechanical system
(MEMS)[1-3].

3.3 Electrocrystallization nucleation and growth

mechanism

The electrocrystallization behavior of the optimized
nanocrystalline CoNiFe soft magnetic thin film was first
investigated using cyclic voltammetry at a sweep rate of
10 mV/s. The sweep potential range is from open circuit
potential to —1.6 V and always initiates in the negative
direction (Fig.3). It can be seen that there exist
nucleation/growth loops in the cathodic branch of the
voltammogram, which indicates that the co-deposition of
CoNiFe film follows the three-dimensional (3-D)
nucleation/grain growth mechanism[35]. In order to
characterize the electrocrystallization process in more
detail, the initial electrodeposition process of CoNiFe
film was investigated using chronoamperometric analysis
technique based on the three-dimensional (3-D)
nucleation/grain growth mechanism obtained from cyclic

-0.035
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< -0.015F
i Scan direction
\/
-0.005+
0.005

-04 -06 -08 -1.0 -12 -14 -16
EIV

Fig.3 Cyclic voltammograms of brass in CoNiFe electroplating
solution
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voltammetry results.

In chronoamperometry experiments, the potential
was stepped from the open-circuit potential (about
—0.425 V) where no deposition of metal was detected in
the cyclic voltammogram, to the potential at which the
deposition of CoNiFe would occur. Fig.4 shows the
experimental current—time transient curves. It can be
seen that, each of the /—¢ curves consists of an initial
spike (within the first 0.02 s) due to the charging of the
electrochemical double layer, a subsequent rising portion
due to the nucleation process and a posterior decreasing
portion due to the diffusion process. The rising section
appears to reach its maximum at increasingly shorter
time with more negative overpotential () steps. The
maximum in the current transient at high overpotentials
and short time corresponds to the maximum surface area,
i.e. the point at which hemi-spherical nuclei are on the
point of collision. Meanwhile, when compared the /—t¢
curves at the deposition potential of —1.02 V and —1.06 V,
it can be seen that the time for the appearance of the
current maximum at —1.02 V is much shorter than that at
—1.06 V. The reason may be that the electroplating
process of CoNiFe may be controlled mainly by
electrochemical reaction at much small # and controlled
by diffusion at high #, respectively.

0.030
i Potential increase
in this direction.
4 Step length: =40 mV

0.025H
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Fig.4 Potentiostatic /—t transients for nucleation of CoNiFe
film

Generally, nuclei are preferentially formed on the
surface inhomogeneities like emergence points of edge
and screw dislocations, atomic disorder, kink sites, or
monoatomic steps, etc. And there are a number of
literatures describing the electrocrystallization process
mathematically[12—29]. However, to date, the most
widely employed theoretical model for electrochemical
nucleation is the one developed by HILLS et al[11-14,
36]. Even though this theoretical model was based on the
nucleation/growth of single metal, it has been widely
used to analyze the nucleation/growth of alloys [5, 37].

In this model[11—14], the authors described the kinetics
of electrolytic phase formation at early stages when
diffusion of the electroactive species from bulk solution
to the interface was the rate determining step, and the
growth of nuclei was considered to be 3D taking into
account overlap of diffusion zones, and AFSHR et al[37]
and YANG et al[38] believed that the deposition of iron
series metal and iron-based alloys tallied this model best.
According to this model, the rising portion of the current
can be described, respectively for the
instantaneous nucleation and progressive nucleation by

transient

zFD"?¢

I(instamaneous) = W [1 - eXp(— NTEkDI)] (7)
k= (8%0]\/[/,0)1/2 (8)
B zFD"?¢ [ ( Vg )]
](progressivc) = W 1 —exp\— ANk Dt*/2 (9)
! 4 1/2
k = g(&th/p) (10)

where
species; D is the diffusion coefficient; ¢ is the bulk
concentration of the zinc species; N is the number of
nuclei; No and AN.. are the total number of active sites

zF' is the molar charge of electrodepositing

for instantaneous nucleation and progressive nucleation
respectively; M is the molar mass; Ois the density of the
deposited material; and £ and k£’ are the numerical
constants determined by the experimental conditions.
Determination of the nucleation process involved was
achieved by analyzing the rising section of the current
transient and then comparing the curve to the
dimensionless theoretical curves obtained from Eqns.(7)
and (9), respectively.

For the reason that the optimized nanocrystalline
CoNiFe soft magnetic thin film (Fig.1) is obtained using
higher initial cathodic current than —0.02 A, only the /—¢
curves at high n(Fig.4) were analyzed. Fig.5 shows the
relationship of the non-dimensional variables between (#/
tn) and (I/Im)z, where /..« and t,, are the current
transient maximum values. It can be seen that the
experimental
progressive or instantaneous nucleation curve in the low
and high overpotential domain respectively, and the
nucleation rate increases with the increasing .

According to our previous study[39], when the
absolute temperature(7) is constant, the electron
number (V) in elemental volume(¥) of the cathodic
surface layer, whose energy is in the gap between g

I—+ curves closely follow the theoretic
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and e;+de, is dependent only on the value of the
cathode Fermi level (Er).
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Fig.5 Non-dimensional /1, VS t/ty plot for electrodeposition of CoNiFe film

3 ” where m, is the electron mass; % is the Plank’s constant;
N 1 (zme J & "dg (11) Kis the Boltzmann constant, ¢, is the orbit energy level
2 exp{ &, —Eg } 1 of the active positive particles, and Ey oc /. Meanwhile,

2n

T the Fermi level (£f) of the cathode can be estimated on
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the bases of quantum chemistry as follows:

h2 3 2/3
Ep oo | Loxxx2 (12)
8m M, o

where p, M; and x are the density, the molar mass and
the normal ion value of the cathode metal respectively.
Because the p/M; of CoNiFe alloy is much larger than
that of the original polycrystalline brass substrate (Table
3), which results in that the electron number (&) in
elemental volume of the cathodic brass surface layer,
whose energy is in the gap between &, and &, +dgy, is
much less than that of CoNiFe alloy. Therefore, when the
overpotential step in chronoamperometry experiments is
much lower, i.e. the electroplating current density (J) is
sufficiently low, it is difficult for iron group metal ions to
obtain electrons from the brass cathode, which will result
in the fast growth of nuclei formed previously on the
cathode surface due to the high current density
distributed on these points, and results in progressive
nucleation. In this case, only few granular CoNiFe
particles can be observed on the cathode surface after the
short-time chronoamperometry experiments.

Table 3 Density and molar mass of iron-group elements and

copper[32]
Atom Density/(g-cm ) Molar mass/(kg'mol™")
Fe 7.874 55.85
Co 8.900 58.93
Ni 8.902 58.69
Cu 8.920 63.55

On the other hand, when the potential steps to much
more negative value in chronoamperometry experiments,
i.e. the electroplating current density (J) is much high,
the iron group metal ions can more easily obtain
electrons from cathode due to the synergism of that the
CoNiFe film formed previously possesses higher Er than
brass substrate and FEp ocJ, which will result in
instantaneous nucleation.

It should be mentioned that, when performing
chronoamperometric analysis, some authors suggested
using the modified /— curves, which were obtained by
subtracting the /— curves obtained in blank solution
(without the electrodeposited metal ions) from those
obtained in the electroplating solution (with the
electrodeposited metal ions) under exactly the same
experimental conditions[40—42]. Generally, this method
could eliminate the contribution of currents that are not
directly related to metal charging, nucleation and growth
phenomena, and should be recommended. However,
under the experimental conditions as in this study, the
nucleation and growth phenomena of CoNiFe alloys are

always coupled with the evolution of hydrogen as shown
in Eqns.(1)—(4), and the hydrogen reduction rate in blank
solution is much different from that in electroplating
solution (with the electrodeposited metal ions).
Consequently, it should be more rational to use the /—¢
curves obtained in electroplating solution but the
modified /—+ curves to perform chronoamperometric
analysis.

It can also be seen from Fig.5 that, after the current
maximum, the experimental (I/I,,)* is much larger than
that calculated from the theoretical model. The reason
may be that the stability of the iron-group metal
monohydroxide ions or metal hydroxides can be sorted
in the following order: Ni(OH)" Co(OH)" Fe(OH)" as
elucidated above, consequently the content of nickel in
the electrodeposited film is much lower than that in the
electroplating solution, the concentration of Ni*" in the
vicinity of the cathode should maintain at a relatively
steady value (Table 1) during the whole electroplating
process. Meanwhile, the nucleation/growth process of
CoNiFe deposit is always coupled with the evolution of
hydrogen, which can be seen from Eqns.(1)—(4).
Therefore, the experimental (Z/7,,)* should be much larger
than that calculated from the theoretical model, while the
decrease of current after the current maximum in /—¢
curves may originate from the sparsity of Co®" especially
Fe*" on the cathode surface.

4 Conclusions

1) Nanocrystalline CoNiFe soft magnetic thin film
with high saturation magnetic flux density and low
coercivity is obtained using pulse-reverse electroplating
technique.

2) Under the experimental conditions, the
co-deposition of CoNiFe film behaves anomalously. The
anomalous co-deposition of CoNiFe film arises because
the atomic radii of iron series elements follow the
following order: rg. ¢, 7nj, Which will result in that
the stability of the iron-group metal monohydroxide ions
or metal hydroxides can be sorted in the following order:
Ni(OH)" Co(OH)" Fe(OH)".

3) In the case of lower electroplating current density,
the co-deposition of CoNiFe film follows a 3-D
progressive nucleation/growth mechanism. In the case of
higher electroplating current density, the co-deposition
follows a 3-D instantaneous nucleation/growth mecha-
nism.
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