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We fabricated Fe-Co films from a deep eutectic solvent (DES)-based plating bath and investigated

magnetic properties of the plated films. The plating baths were obtained by stirring the mixture of

choline chloride, ethylene glycol, FeCl2�4H2O, and CoCl2�6H2O. The composition of the plated

films depended on the amount of FeCl2�4H2O in the plating bath, and Fe content of the films was

varied from 0 to 100 at. %. Depending on the Fe content, the saturation magnetization and the

coercivity of the films varied. The Fe76Co24 film shows high saturation magnetization and smooth

surface, and the change in the saturation magnetization shows good agreement with the expected

change by the Slater-Pauling curve. High current efficiency (>90%) could be obtained in the wide

film composition. From these results, we concluded that the DES-based plating bath is one of

effective baths for the Fe-Co films with high current efficiency. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4918782]

I. INTRODUCTION

Deep eutectic solvents (DESs) have superior industrial

advantages,1–4 and some of them are attractive to use as a

solvent for electroplating of metallic films. In fact, there

have been some reports on magnetic films such as Ni, Co,

Ni-Co, Ni-Co-Sn, Sm-Co, and Co-Pt prepared from DES-

based baths,3–10 and we have also reported Fe and Fe-Ni

films prepared in DES-based plating baths.11,12 In our previ-

ous studies, we confirmed that the plating processes from the

DES-based baths for the Fe and the Fe-Ni films have high

current efficiency (>90%). As high current efficiency of the

plating processes for Ni films were also reported by

Motoyama et al.,13 the DES is one of hopeful solvents for

the magnetic films. In present study, we focused on Fe-Co

alloys. The Fe-Co alloys are attractive materials for electric

devices due to their high saturation magnetization. Although

many studies on Fe-Co films prepared from aqueous solu-

tions have been carried out, the reported values of the current

efficiency were relatively low (60%–90%).14–16 From our

results for the Fe and the Fe-Ni films prepared from the

DES-based bath, we expected to obtain high current

efficiency for the Fe-Co films by using the DES in a plating

process. In this study, we plated Fe-Co films from DES-

based bath and investigated the magnetic properties of the

films and the current efficiency for the plating process.

II. EXPERIMENTAL PROCEDURES

A. Electroplating of Fe-Co films

Some types of DES have been reported,9,17–19 and we

used a DES base on choline chloride (HOCH2CH2N(CH3)3Cl)

and ethylene glycol (HOCH2CH2OH) in the present study. The

DES was prepared by stirring the mixture, which consists of

10 g of ethylene glycol and 10 g of choline chloride, at 80 �C
until a homogeneous liquid state was obtained. FeCl2�4H2O

and CoCl2�6H2O were added into this DES. The weight of

FeCl2�4H2O was changed from 0 to 15 g, and the total weight

of the reagents (FeCl2�4H2O þ CoCl2�6H2O) was kept at 15 g

in this study. We did not use any smoothing agents. The com-

position of the plating bath is shown in Table I. 500 lm-thick

Fe and Cu plates were used as the anode and cathode electro-

des, respectively. The distance between the electrodes was set

at 20 mm, and we obtained 75-mm2 Fe-Co films on the Cu

plate. The bath temperature was kept at 100 �C and no stirring

action was taken during the plating. The films were electro-

plated using a direct current. The current density and the

plating time were controlled by a computer-aided dc current

source. The plating conditions are shown in Table II.

B. Measurements

The thicknesses and the hysteresis loops of the electro-

plated films were measured with a micrometer (Mitutoyo

CPM15–25 MJ) and a vibrating sample magnetometer

(Tamagawa), respectively. The maximum applied field of

approximately 1.6 MA/m was used for the measurement of

M-H loops. The saturation magnetization and the coercivity

TABLE I. Composition of the DES-based plating bath.

Components Weight (g)

FeCl2�4H2O x

CoCl2�6H2O 15 � x

Choline chloride 10

Ethylene glycol 10
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of the electroplated films were determined from the M-H

loops. The compositions were analyzed by an energy

dispersive x-ray (EDX) spectroscopic system (Hitachi High-

technologies S-3000). The thickness and the composition of

each 75 mm2-film were determined by averaging the values

obtained for approximately every 8.5 mm2 (9 points). The

surface roughnesses of the plated films were measured with a

surface roughness measuring machines (Mitutoyo SV-400)

and evaluated using calculated average roughness Ra. The

current efficiency was calculated from the actual weight of

the electroplated film and the theoretical weight obtained by

Faraday’s law. For the calculation of the theoretical weight,

we used the evaluated film composition.

III. RESULTS AND DISCUSSION

Figure 1 shows the thickness as a function of the plating

time. The results for the baths with FeCl2�4H2O contents of

3 and 7.5 g were shown in Fig. 1. The thicknesses were

increased linearly with increasing the plating time, and we

found that the DES-based bath enables us to obtain the

Fe-Co thick films as well as the Fe and Fe-Ni films.11,12

Figure 2 shows the hysteresis loops of the films electro-

plated for 20 min in the baths with various FeCl2�4H2O

content. As shown in Fig. 2, it is clear that the saturation

magnetizations of the films varied with the amount of the

FeCl2�4H2O. This result implies that the composition of

the films were varied by the change in the amount of

FeCl2�4H2O. In order to confirm the change in the composi-

tion, we evaluated dependence of the Fe content in the

as-plated films on the amount of the FeCl2�4H2O. Figure 3

shows the Fe content of the electroplated Fe-Co films as a

function of amount of the FeCl2�4H2O in the bath. We also

evaluated the current efficiency and described the result in

Fig. 3. The Fe content increased with the amount of the

FeCl2�4H2O, and the current efficiency shows high values

(>90%) in a wide range of the Fe content. Therefore, it is

found that the composition of the Fe-Co films is adjustable

by the change in the amount of the FeCl2�4H2O. We also

found that the plating process for the DES-based bath has

much higher efficiency compared with those for the aqueous

plating baths.14–16

We evaluated the effect of the amount of the

FeCl2�4H2O on magnetic properties of the films in order to

investigate the changes in the saturation magnetization

against the film composition systematically. Figure 4 shows

the changes in the saturation magnetization and coercivity of

the electroplated Fe-Co films as a function of the Fe content.

With increasing the Fe content from 0 at. % to approximately

70 at. %, the saturation magnetization increased whereas the

coercivity decreased. The maximum saturation magnetiza-

tion of 220 emu/g was obtained in the Fe76Co24 films, and

the change in the saturation magnetization shows good

agreement with the expected change by the Slater-Pauling

curve. The value of 220 emu/g is slightly smaller than

expected one from the Slater-Pauling curve for Co24Fe76

alloy, indicating that the films include non-magnetic

TABLE II. Electroplating conditions.

Conditions Value

Bath temperature 100 �C

Current density 67 mA/cm2

Plating time 2–20 min

FIG. 1. Thickness of the as-plated Fe-Co films as a function of plating time.

The results for the baths with FeCl2�4H2O contents of 3 and 7.5 g were

shown in the figure.

FIG. 2. Hysteresis loops of the Fe-Co films electroplated in the baths with

various amount of FeCl2�4H2O. The films were plated for 20 min.

FIG. 3. Fe content of the electroplated Fe-Co films as a function of amount

of the FeCl2�4H2O in the DES-based plating bath. The films were plated for

20 min, and their thicknesses are almost the same values of approximately

20 lm.
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materials or the densities of the films are low. In order to

confirm the film density, we observed the cross-sectional

area of the Fe-Co film with the SEM. Figure 5 shows the

cross-sectional SEM image of the Fe75Co25 film. In this

experiment, we used Fe75Co25 thick-film (�70 lm) to facili-

tate the observation. As shown in Fig. 5, the film was not

porous. Therefore, we considered that the presence of

non-magnetic materials is a factor of the slight difference for

the maximum saturation magnetization between the meas-

ured value and the expected one.

In general, soft magnetic properties of films with a

smooth surface are better than those for films with a rough

surface, since a smooth surface does not prevent domain

wall movement during magnetization. Figure 6 shows SEM

images of the Co, Fe, and Fe76Co24 films. As shown in the

SEM images, the surface of the Fe76Co24 film is much

smoother than those for the Co and the Fe films. For quanti-

tative evaluation of the surface roughness, we evaluated the

calculated average roughness Ra of the Fe-Co films. Figure 7

shows the Ra as a function of the Fe content in the film. The

small Ra values were obtained around the Fe content from 60

at. % to 80 at. %, and we considered that the smooth surface

is one of factors to show low coercivity in Fig. 4. Zhang

et al. have plated Fe-Co thick-films (�1.5 lm) from a aque-

ous plating bath and reported the Fe66Co34 thick-film with

coercivity of 1350 A/m.20 Although Fe-Co films prepared

from the DES-base bath showed the low coercivity around

the Fe content from 60 at. % to 80 at. %, the value of approx-

imately 2 kA/m was slightly higher than that for the aqueous

plating bath.19 The improvement in the soft magnetic proper-

ties is one of our future works.

From above-mentioned results, we concluded that the

choline chloride-ethylene glycol based DES is one of effec-

tive solvents for electroplating of Fe-Co films due to their

high current efficiency.

IV. CONCLUSION

In this study, we electroplated Fe-Co films in a DES-

based bath and investigated the magnetic properties of the

films.

FIG. 4. Coercivity Hc and saturation magnetization Ms of the electroplated

Fe-Co films as a function of the Fe content in the film.

FIG. 5. Cross-sectional SEM image of the Fe75Co25 film. (a) Co film, (b) Fe

film, and (c) Fe76Co24 film.

FIG. 6. SEM images of the electroplated Co, Fe, and Fe-Co films.

FIG. 7. Calculated average roughness Ra of the electroplated Fe-Co films as

a function of the Fe content in the film.
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(1) The Fe content in the electroplated films depended on

the amount of the FeCl2�4H2O in the plating bath, and

adjusting the bath reagent composition is an easy way to

control the film composition.

(2) The current efficiency showed high values of over 90%

in a wide range of the Fe content in the plated films.

(3) The highest value of the saturation magnetization of

220 emu/g was observed in the Fe76Co24 film, and the

change in the saturation magnetization shows good agree-

ment with the expected change by the Slater-Pauling curve.
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