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ABSTRACT
We electroplated Fe-Co films in a citric-acid-based plating bath with saccharin and sodium lauryl sulfate and evaluated the magnetic prop-
erties of the films. The Fe content in the film can be readily controlled by the change in the ratio of the Fe reagent and the Co one, and the
Fe content could be obtained from 10 to 90 at.% in our experimental conditions. The change in the saturation magnetization over the Fe
content of the film almost agreed with the expected change from the Slater-Pauling curve. The coercivity decreased with increasing the Fe
content. From the structural analysis, we found that the grain size reduced with increasing the Fe content, and the grain refinement effect
works effectively to reduce the coercivity.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5130468., s

I. INTRODUCTION

Soft magnetic materials with high saturation magnetization are
hopeful for industrial applications, and Fe-Co alloys are well-known
as high saturation magnetization materials. Taking into the high
saturation magnetization, some Fe-Co films with good soft mag-
netic properties have been reported1–6 and are typically fabricated
by sputtering, vapor deposition, and electroplating.

Electroplating is one of the attractive methods to obtain thick-
films due to the high deposition rate and high economic viability,
and we have reported the fabrication process of Fe-Ni thick-films
(>1 μm) using electroplating with high deposition rate (>100 μm/h).
In our previous studies on the electroplated Fe-Ni films, citric acid
was a good complex agent to stabilize plating baths and to obtain
good soft magnetic properties.7–9 From these hopeful results, we also
employed a citric-acid-based plating bath to fabricate Fe-Co films
with good magnetic properties.10 More recently, we introduced a
deep eutectic solvent (DES) as a solvent for electroplating of Fe-Co
films to obtain high current efficiency of the plating process.11

Although the above-mentioned Fe-Co films have high satura-
tion magnetization, the coercivity is typically higher than that of

Fe-Ni ones. In soft magnetic materials, one of the popular ways to
reduce the coercivity is a reduction in grain size.12 In fact, we con-
firmed that Fe-Ni films electroplated in the citric-acid-based plating
baths have small grains (<50 nm), and the fine structure effectively
works to realize good soft magnetic properties.13–15 For improve-
ment in the magnetic properties of Fe-Co films, we focused on the
grain size. In the present study, we employed a citric-acid-based plat-
ing bath with additives of saccharin and sodium lauryl sulfate and
evaluated the magnetic and structural properties of the films.

II. EXPERIMENTAL PROCEDURES
A. Electroplating

We electroplated Fe-Co films on Cu substrates using a direct
current. The composition of the plating bath and the plating condi-
tions are shown in Tables I and II, respectively. In our previous study
of the citric-acid-based bath,10 a large amount of citric acid (>100
g/L) was added into the plating baths. We recently confirmed that
the current efficiency of the process for the Fe-Ni films decreased
with increasing the citric acid,9 indicating that a large amount of the
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TABLE I. Plating bath conditions.

Components Concentration

FeSO4⋅7H2O (Iron sulfate) x = 25 - 225 g/L
CoSO4⋅7H2O (Cobalt sulfate) 250 - x [g/L]
C6H8O7⋅H2O (Citric acid) 1 - 20 g/L
NaCl (Sodium chloride) 10 g/L
C7H4NNaO3S (Saccharin) 5 g/L
C12H25OSO3Na (Sodium lauryl sulfate) 1 g/L

TABLE II. Plating conditions.

Conditions Values

Bath temperature 50○C
Current density 100, 200 mA/cm2

Plating area 5 mm × 25 mm
Plating time 3 - 6 min

citric acid is not suitable to obtain thick films. Therefore, a small
amount of citric acid (<20 g/L) was employed in this experiment. To
reduce the grain size and improve surface roughness, we added two
additives of the saccharin and the sodium lauryl sulfate into plating
baths.

B. Measurements
The thicknesses of the Fe-Co films were measured at differ-

ent 30 points with a micrometer (Mitutoyo CPM15-25MJ), and we
determined the thickness by averaging the measured values. The
saturation magnetization and the coercivity were measured with a
VSM (Vibrating Sample Magnetometer: Tamagawa). The composi-
tions and the crystal structures of the films were analyzed by EDX
(Energy Dispersive X-ray spectroscopy: Hitachi High-technologies
S-3000) and XRD (X-Ray Diffraction: Rigaku Miniflex 600-DX),
respectively. The microstructure of the film was evaluated with a
transmission electron microscope (TEM) system (JEOL JEM-2010).

III. RESULTS AND DISCUSSION
Figure 1 shows the Fe content and the coercivity Hc of the

Fe-Co films as a function of the citric acid concentration. In this
experiment, the FeSO4 concentration was fixed at 175 g/L (x = 175 in
Table I), and the result for the citric acid concentration of 0 g/L
was removed since the surface was obviously rough. As shown in
Fig. 1, the Fe content was almost the same value (approximately
70 at.%), indicating that the Fe content does not depend on the
citric acid concentration. The coercivity decreased with increas-
ing the citric acid concentration from 1 to 10 g/L, followed by an
increase in the higher acid concentrations. The coercivity at 10 g/L
was approximately 500 A/m, and this value is lower than that for
Refs. 1–3.

To clarify the reason for the change in the coercivity, we carried
out an XRD analysis. Figure 2 shows the grain size as a function of

FIG. 1. The Fe content and the coercivity as a function of the citric acid
concentration in plating baths. The FeSO4 concentration was fixed at 175 g/L.

the citric acid concentration. The grain size was calculated from the
measured XRD patterns using the Scherrer’s formula. As shown in
Fig. 2, the grain size varied depending on the citric acid concentra-
tion, and small grain was obtained around 10 g/L. For soft magnetic
nanocrystalline materials, it is well-known that the reduction in the
grain size is effective in improving the soft magnetic properties.12 To
confirm the effect of the grain size on the coercivity, the coercivity
results in Fig. 1 are replotted in Fig. 3 as a function of the grain size.
As shown in Fig. 3, we confirmed the good correlation between the
grain size and the coercivity, and this result implies that the reduc-
tion in the grain size works effectively to reduce the coercivity in
our experimental conditions. We, therefore, considered that the low
coercivity around 10 g/L in Fig. 1 was attributed to the small grain
size.

To investigate the effect of the composition on the magnetic
and structural properties, we varied the Fe content in the film by the

FIG. 2. The grain size as a function of the citric acid concentration in plating baths.
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FIG. 3. The coercivity as a function of the grain size of the Fe70Co30 films.

change in the ratio of the iron sulfate and the cobalt one in the plat-
ing bath. Figure 4 shows the coercivity Hc and the saturation mag-
netization Ms as a function of the Fe content in the Fe-Co films. The
change in Ms over the Fe content almost agreed with the expected
change from the Slater-Pauling curve and that for the DES-based
plating bath.11 The maximum Ms was 228 emu/g around Fe65Co35,
and this value was higher than that of the Fe-Co nanopowder.16 In
contrast, we obtained the low value of coercivity for the Fe-rich films
(Fe > 56 at.%). These results indicate that we can obtain the Fe-Co
films with high Ms and low Hc by adjusting Fe content around 70
at.%. To confirm the reasons for the low coercivity, we carried out
the structural analyses.

Figure 5 shows the grain size as a function of the Fe content
of the films. The grain size decreased with increasing Fe content of
the films. From Figs. 1 and 4, we found that the grain size affects
the coercivity, and the citric acid concentration and the Fe content
change the grain size.

To obtain direct evidence of the fine structure, a TEM observa-
tion was carried out, and the result is shown in Figure 6. Large grains
were not observed in the bright-field image, and we confirmed that
the fine structure effectively works to reduce the coercivity.

FIG. 4. The coercivity and the saturation magnetization as a function of the Fe
content of the Fe-Co films.

FIG. 5. The grain size as a function of the Fe content of the Fe-Co films.

FIG. 6. TEM images of the cross-section of the Fe70Co30 film: (a) diffraction pattern
and (b) bright-field image.

From these results, we concluded that the citric-acid-based bath
with saccharin and sodium lauryl sulfate is attractive for obtaining
Fe-Co films with high Ms and low Hc.

IV. CONCLUSION
In conclusion, we investigated the electroplated Fe-Co thick-

films prepared in the citric-acid-based plating bath with saccharin
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and sodium lauryl sulfate. The obtained results are summarized as
follows;

(1). The increase in the citric acid concentration reduced the
grain size, and we obtained low coercivity of approximately
500 A/m around 10 g/L in our experimental conditions.

(2). When the citric acid concentration was kept at constant, the
grain size was affected by the Fe content in the films. The
grain size decreased with increasing the Fe content.

(3). The saturation magnetization over the Fe content was varied
based on the expected change from the Slater-Pauling curve.

(4). We obtained the Fe-Co films with high saturation magneti-
zation (>200 emu/g) and low coercivity (<500 A/m) around
the Fe content of 70 at.%. These superior soft magnetic
properties were attributed to the very fine crystal structure.
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