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FePt thin films have been electrodeposited from the mixture of ammonium hexachloroplatinate and
iron dichloride in ionic liquids based on glycol and 1-Ethyl-3-methylimidazolium chloride.
Electrochemical behaviour of iron dichloride in the liquids has been studied by cyclic voltammetry.
The results show that the reduction of Fe (1) to Fe is irreversible diffused controlled and the diffusion
coefficient is 1.58 x 10" 'cm?/s. The iron atomic content in the FePt films is ranging from 46.0 at % to
62.6 at % when deposition potentials have been changed from -1.4 V to -1.8 V vs Ag/AgCl in
electrodeposition system with the ammonium hexachloroplatinate(50 mM/L), iron dichloride(550
mM/L), glycol and 1-Ethyl-3-methylimidazolium chloride at 373 K. The surface morphology of the
deposited films was changed as the increase of deposition potential. A net-like structure appeared in
FePt thin films with 52.5 at % iron. From the X-ray diffraction (XRD) pattern, it seems that the fct
structural FePt has been obtained when the iron content is about 52.5 at %. Magnetic hysteresis loops
show that the films exhibit ferromagnetic behaviors when the iron content in FePt films is 52.5 at %
with the maximum coercivity 546 Oe.
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1. INTRODUCTION

FePt thin films have a universal use in national defense, medical treatment [1-6] due to their
high coercivity and excellent chemical stability. As a perfect material in ultra-high density magnetic
recording media, FePt in a bulk state has a large uniaxial magnetiocrystalline anisotropy(K,=6.6x10’
erg/cm®) [7]. Chemical reduction, RF magnetron sputtering and thermal decomposition methods have
been adopted generally to prepare FePt. The atom ratio of iron in FePt alloy is controlled about 50 at %
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in the former researches to obtain good magnetic properties [8-16]. In the year of 2000, Sun et al used
chemical reduction and thermal decomposition methods to synthesize FePt nano-particles. They found
that there was a transformation of crystal structure in FePt from a face-centered
cubic(fcc)phase(superparamagnetism) to a face-center tetragonal(fct)one(ferromagnetism)[8]. S.H. Sun
group synthesized monodispersed 4 nm FePt magnetic nanoparticles by chemical method [17]. T
.Shima et al succeeded in coeposition of Fe and Pt directly onto single crystalline MgO(001)in a high
vacuum through multiple DC-sputtering. They investigated the magnetic domains of
FePt[001]/MgO[001] films with 40 kOe when thickness is 10 nm [18]. Y.C. Wang et al. reported that
ultrahigh coercivity of FePt films can restrict its application. They introduced a bilayered magnetic
structure with an easy cost-effective micro/nanopattering of recording bits [19].

As mentioned above, FePt has been prepared by chemical reduction, magnetron sputtering,
high temperature alloying or other methods. Electrodeposition is also used to prepare FePt films in
aqueous solution because coatings can be obtained on the substrate with any shape. However,
hydrogen evolution is the main hurdles to be overcome in industrialized production [20-21]. Hydrogen
evolution during the electrodepositon in the aqueous electroplating solutions can influence the
structure and properties of FePt thin films. lonic liquid, as a perfect reagent with wide potential
window, has a good high solubility of metal salts and high conductivity compared to non-aqueous
solvents.

The use of ionic liquids heralds no only the ability to electrodeposit metals that have hitherto
been impossible to reduce in aqueous solutions but also the capability to engineer the redox chemistry
and control metal nucleation characteristics [22]. Recently, Hsin-Yi Huang et al studied the
voltammetric behavior of Pt(ll), Fe(ll), and mixtures of Pt(Il) and Fe(ll) in ionic liquids [20]. They
found that ionic liquids could have a good complexing effect on iron and platinum species, which
suggested that codeposition of iron and platinum can be realized in ionic liquid systems without
hydrogen evolution. We introduce an ionic liquid system with glycol(EG)and 1-Ethyl-3-
methylimidazolium chloride(EMIC)dissolved ammonium hexachloroplatinate(Pt(IV))and iron
dichloride(Fe(II))at 373 K. The electrochemical behavior of Fe(ll)and Pt(IV)during deposition has
been studied. Microstructure, surface morphology and magnetic properties of FePt thin films also have
been discussed.

2. EXPERIMENTAL PART

2.1 Chemical Reagents

Composition and operating condition of FePt films were shown in Table 1, 1-Ethyl-3-
methylimidazolium chloride(EMIC)was obtained from Alfa Aesar (Shanghai, China). glycol,
ammonium hexachloroplatinate (Pt(IV)) and iron dichloride (Fe(Il1)) were bought from Shanghai July
Chemical Co(Shanghai, China).
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ITO conductive glass was utilized as the working electrode and platinum plate (99.95 %) was
served as the counter electrode. Ag/AgCI(0.5 mm diameter) was chosen as the pseudo-reference
electrode.

Table 1. Composition and operating condition of FePt films.

Component Function Content

1-Ethyl-3-methylimidazolium chloride (EMIC) Complexing agents 50 mM/L

Glycol (EG) Solvent 25mL

Ammonium hexachloroplatinate (Pt(1V)) Source for Pt 50 mM/L

Iron dichloride (Fe(ll)) Source for Fe 50 mM/L, 250 mM/L to 550 mM/L (100 mM/L
apart)

Temperature 373K /

2.2 Electrochemical measurements

Electrochemical experiments were carried out in a nitrogen atmosphere glove box system filled
with dry nitrogen. VVoltammetric and electrodeposition were carried out in a three electrode system.
ITO glasses were used as the working electrode (WE), one side of a glass plate was sealed, and the
area of the other side exposed to solution was approximately 1 cm?. The counter electrode (CE) was a
platinum plate (1 cm?) and the quasi-reference electrode was a Ag/AgCl wire (0.5 mm diameter).
Electrolyte temperature was kept constant at 373 K by the oil bath during the electrochemical
experiment process. Before every electrochemical experiment, the platinum working electrode was
immerged in hydrochloric acid (1:1) for a few minutes, polished successively with increasingly finer
grades of emery paper followed by silicon carbide grit, and finally to a mirror finish with aqueous
slurry of 0.15 um alumina, rinsed with distilled water, and dried under vacuum, the conductive glass
plate was rinsed by the water and then cleared by the ethanol, reference electrode was calibrated before
every experiment.

Cyclic voltammograms curve was recorded at the rate of 35 mV/s when the Pt(1V) /Fe(ll) bath
composition was 1(50 mM/L):1 with EG(25 mL) and EMIC(50 mM/L) at 373K. Different range of
potentials from -1.4 V to -1.8 V vs Ag/AgCl were applied to make the FePt deposition with various
bath composition(13:1(50 mM/L), 11:1, 9:1, 7:1 and 5:1) of Fe(l11)/Pt(1V). After the electrodeposition
, the films were immersed in oleic acid and protected in the nitrogen atmosphere glove box.

2.3 Apparatus details

All electrochemical measurements were conducted under nitrogen condition. Cyclic
voltammetry (CV) and electrodeposition experiments were performed using a electrochemical
system(PARSTAT 2273). The Fe and Pt elemental content and the thickness analysis of films were
performed by EDX using Skyray (EDX-1800B). The magnetic properties of the films were measured
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with vibrating sample magnetometer (VSM) (XPert Philips PW1830) at room temperature and their
maximum applied fields were 10 kOe . The surface morphology of the sample was observed by a
Hitachi (S-4700) scanning electron microscope (SEM).To determine the structure of films, x-ray
diffraction (XRD) of Philips PW1830 with Cu-Ka radiation was used.

3. RESULTS AND DISCUSION
3.1 Cyclic voltammetry in ionic liquids

3.1.1 Electrochemical window

j/mAc m™
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Figure 1. Cyclic voltammogram recorded at ITO glass electrode in 25 mL EG, 50 mM/L EMIC mixed
ionic liquids. Temperature: 373 K. Scan rate: 35 mV/s.

The cyclic voltammogram of EG and EMIC mixed ionic liquids under the condition of 373 K
and a linear scan rate of 35 mV/s were shown in Fig.1. No apparent oxidation peak and reduction peak
were observed in the CV of the ionic liquids. The electrochemical window of the mixed liquids is
about 4.5 V vs Ag/AgCl. The wide electrochemical window is not only conducive to later cyclic
voltammogram but also helpful to the following electrodeposition.

3.1.2 Cyclic voltammogram of Fe(ll) (50 mM/L) and Pt(1V) (50 mM/L )in ionic liquids

The cyclic voltammetry behavior of the mixture of 50 mM/L Fe(ll)and 50 mM/L Pt(IV)in ionic
liquids(25 mL EG and 50 mM/L EMIC)is displayed in Fig 2. It is clear that the cyclic voltammogram
exhibits two redox couples. The first couple in the center has two peaks. The reduction peak was due
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to the bulk deposition of Pt and the anodic peak was due to stripping of the deposited Pt. The two
peaks had good symmetry and the peak areas almost just the same. So few Pt remained on the ITO
glass films (1cm?) after cyclic voltammetry experiment. The other couple also has two peaks, the
reduction peak was due to the deposition of Fe and the anodic peak was due to stripping of the Fe.
These two peaks have poor symmetry and reversibility. There was some iron remained on the ITO
glass after cyclic voltammetry.
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Figure 2. Cyclic voltammograms recorded at ITO glass electrode in ionic liquids(25 mL EG, 50 mM/L
EMIC)containing 50 mM/L Pt(IV) and 50 mM/L Fe(ll). Temperature: 373 K. Scan rate: 35
mV/s.

The reduction potential of Pt(1V) and Fe(ll) are 0.71 V and -0.44 V vs NHE (normal hydrogen
electrode) in the ionic liquids, respectively. The deposition potential difference between oxidation and
reduction peaks is about 1.15 V vs NHE [23]. In Fig 2, Fe(ll) and Pt(IV) deposition potentials were
changed in ionic liquids. When the Fe (11) near the cathode was reduced that cathode needed quite a
higher potential to further obtain Fe. In order to reduce the large difference of deposition potential for
Fe(ll)and Pt(IV)and realize the codeposition of Fe and Pt. The reversibility and diffusibility of iron
ions in ionic liquids were studied.

Fig 3 shows the cyclic voltammograms when 50 mM/L Pt (IV) and 50 mM/L Fe(ll) were
added to ionic liquids(25 mL EG and 50 mM/L EMIC). The reduction peak of the Pt(IV)and Fe(ll)was
about —0.6 V and —1.8V vs Ag/AgCl, respectively. The maximum of peak current density was
decreased when the scan rates (v) increased. The result indicates that the ionic liquids (EMIC) and
metal cations (Fe(ll))formed a complex compound (EMIFeCls), and provided evidence for the reduced
metal cations activity in the electroplating solution [22,24]. With the increase of scan rate (v), the
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Fe(Il)reduction peaks were more invisible and shifted negatively. This was due to the width of the
electrochemical window’s effect. At the slow scan rate (V) the cyclic voltammograms shows more
unsymmetrical peaks in Fig 3, suggesting that there was a self-inhibited process coincided at the
initial growing region. With the scanning rate Fe(ll)reduction peak became more negative, so the
deposition progress of Fe(ll)was irreversible [25].
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Figure 3. Cyclic voltammograms of 50 mM/L Fe (1) and 50 mM/L Pt (IV) in ionic liquids (25 mL
EG, 50 mM/L EMIC) with different scanning rates on a platinum electrode at 373 K: (a) 15
mV/s; (b)25mV/s; (c) 35 mV/s; (d) 45 mV/s and (e) 55 mV/s.
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Figure 4. Peak potentials Ep vs log v for the reduction of Fe (Il) in ionic liquids (25 mL EG, 50 mM/L
EMIC) at 373 K.
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Cathodic peak potentials(Ep)were obtained in the cyclic voltammograms in Fig 3. The cathodic
peaks were widely separated as the result of the scan rates (v) were changed. The cathodic peak
potentials(Ep)had a linear relationship with log v in Fig 4, indicating that reduction of Fe (Il) to Fe on a
ITO glass electrode was an irreversible process.

The value of n,and | Ep-Ep/2 | are according to the following Eq (1).

[Ep—Ep/2=

1.857RT
—— W

a

Where n, the number of electrons transferred, R the charge gas constant, F the Faraday
constant and T the absolute temperature, a the charge transfer coefficient. So the value of an, was
found to be 0.28 at 373 K from Eq (1).
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Figure 5. Peak currents Ip vs v for the reduction of Fe (1) in ionic liquids (25 mL EG, 50 mM/L
EMIC) at 373 K.

In Fig 5, the Ip have a linear relationship with V¥, It can be indicated that the electrodeposition
is determined by the diffusion process. The value of Ip and V2 are according to the following Eq (2).

1/2
Ip = 0.4958nFS’ZCADOUZVUZ(%j 2

where Dy the diffusion coefficient, a the charge transfer coefficient, n, the number of electrons
in the rate determining step, A the electrode area, C the ferrous ion concentration, n the number of
exchanged electrons involved in the electrode process and v the potential scan rate.
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The value of an,= 0.28 can be obtained from Eq (1), using this value and the slope of the
straight line obtained from the plot of Ip against vt according to Eq (2), the diffusion coefficient of Fe
(1) in ionic liquids ( 25 mL EG and 50 mM/L EMIC) was calculated. Dy value of Fe (II) in ionic
liquids (25 mL EG and 50 mM/L EMIC) was 1.58 x 10" cm?/s at 373 K. Thus, it can be concluded
from the above discussions that the reduction of Fe (Il) to Fe was irreversible diffused controlled. In
order to make the Fe(ll)/Pt(IV) ions deposited at the same time and get the FePt alloy that iron atomic
ratio next to 50 at%. In the following experiments, the bath composition of Fe(ll)/Pt(IV) were
controlled from 5:1(50 mM/L) to13:1in the ionic liquids ( 25 mL EG and 50 mM/L EMIC). From the
Nernst equation, the reduction potential of Fe(ll)and the atom ratio of iron on the films will be
increased when the increase of the ion iron in ionic liquids.

3.2 Film composition, microstructure and magnetic properties of FePt thin films

3.2.1 Film composition
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Figure 6. Effect of bath composition on the film composition: (a)E=-1.4 V; (b)E=-1.5 V; (C)E=-1.6 V,
(d)E=-1.7 V vs and (e)E=-1.8 V vs Ag/AgCI with various bath composition (5:1(50 mM/L),
7:1,9:1,11:1 and 13:1) of Fe(I)/Pt(IV) in 25 mL EG and 50 mM/L EMIC.

The atom ratios of Fe and Pt in FePt thin films were detected by EDX. Fig 6 shows the
variation of the atom ratios of Fe and Pt obtained from different composition of Fe (11) and Pt (IV) in
the i1onic liquids controlled by the deposition potential. It can be seen from Fig 6 that in the same bath
composition of [Fe (I1)/Pt (IV)] ionic liquids, the deposition potentials were controlled from -1.4 V to
-1.8 V vs Ag/AgCl, the atom ratios of iron on the ITO glass electrode were tended to be increased. For
the same deposition potential, when the [Fe (I1)/Pt (IV)] bath composition were controlled from
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5:1(50 mM/L) to 13:1, the atom ratios of Fe/Pt on the ITO glass electrode were increased and then
reduced, there was a maximum atom ratio of Fe/Pt and the peak appeared when the bath composition
of [Fe (11)/Pt (IV)] was 11:1(50mM/L).
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Figure 7. Effect of deposition potential on the film composition: (a) E=-1.4 V; (b) E=-1.5 V; (c) E=-
1.6 V; (d) E=-1.7 V and (e) E=-1.8 V vs Ag/AgCl. lonic liquids composition: 25 mL EG, 50
mM/L EMIC), and Fe (11)/Pt (IV) =11:1(50 mM/L).

It illustrated that, deposition potential was increased with Fe(ll) concentration, and the Fe
(IN/Pt (1V) ions were deposited at the same time when the deposition potential and concentration were
suitable. Otherwise, when the Fe (II) concentration continued to be increased, the atom ratios of Fe/Pt
on the films decreased. It illustrated that the electrostatic interaction of inter-ions increased when the
iron ions increased. Fig 7 shows the atom ratios of iron on the ITO glass electrode from 46.0 at % to
62.6 at % when bath composition of Fe (11)/Pt (IV) was 11:1(50mMJ/L) in the ionic liquids. When
deposition potential was -1.6 V vs Ag/AgCl, the atom ratio of iron was near to 50 at % on the ITO
glass electrode. So the following experiments were focused on this section that the atom ratio of iron
on the ITO glass electrode from 46.0 at % to 62.6 at % when bath composition of Fe (I1)/Pt (IV) was
11:1(50mM/L) and the deposition potential were controlled from -1.4 V to -1.8 V vs Ag/AgCl in the
ionic liquids (25 mL EG, 50 mM/L EMIC).

3.2.2 Morphology, microstructure and magnetic characteristics of FePt films

Fig.8 shows surface morphology of the FePt films deposited under different potentials on the
glass substrate. As shown in Fig 8(a), the deposition films were covered by petal-like FePt crystals and
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lots of needle-like different lengths FePt alloys structure also appeared. In Fig 8(b) to (e), due to the
worse adhesion, more cracks appeared in FePt films. So with the continued increase of the deposition
potential, the cracks were increased.

15.0kV 20.9mm x20.0k SE(M)

Figure 8. Surface morphologies of FePt thin films deposited under different potentials: (a) E=-1.4 V vs
Ag/AgClI, iron atomic percentage: 46.0 %; (b) E=-1.5 V vs Ag/AgCl, iron atomic percentage:
49.7 at %; (c) E=-1.6 V vs Ag/AgCl, iron atomic percentage: 52.5 at %; (d) E=-1.7 V vs
Ag/AgCl, iron atomic percentage: 59.3 at %; (e) E=-1.8 V vs Ag/AgCl, iron atomic percentage:
62.6 at %. Temperature: 300 K

It revealed that the FePt thin films had poor adhesion with the increase of Fe(1I) concentration
in ionic liquids(25 mL EG, 50 mM/L EMIC). In Fig 8(b) to(c), need-like FePt alloys structure were
transformed into network structure when deposition potential was increased to -1.6 V vs Ag/AgCI. In
other words, a net-like structure appeared in FePt thin films with 52.5 at % iron.

Fig 9 shows the X-ray diffraction (XRD) pattern of the FePt films with different iron contents.
The peaks noted “*” represented the iron. In Fig 9(d), when the iron content was about 52.5 at %, there
was a broad peak (111) at 41°. The weak FePt (001) at 23° and (110) at 34° peaks were hidden due to
the board (111) peak at 41°. In Fig 8(d), the intensities of supperlattice peaks such as (001) and (110)
were weak suggested that the electrodeposited FePt thin films had a partially ordered fct-structure [26,
27]. In Fig 9(b,c,e,f), no obvious fct characteristic peak appeared, the (111) peak was almost invisible.
It seemed that the structural phase transformation from fcc to fct when the iron content was about 52.5
at % at 373 K in the ionic liquids. The X-ray diffraction pattern revealed that the fct phase FePt alloy
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was hardly obtained when the iron content increased or decreased beyond 50 at % too much on the
films.
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Figure 9. X-ray diffraction patterns of FePt thin films with different iron contents: (a) the ITO glass
substrate; (b) E=-1.4 V vs Ag/AgCl, iron atomic percentage: 46.0 %; (c) E=-1.5 V vs Ag/AgCl,
iron atomic percentage: 49.7 at %; (d) E=-1.6 V vs Ag/AgCl, iron atomic percentage: 52.5 at
%; (e) E=-1.7 V vs Ag/AgCl, iron atomic percentage: 59.3 at %; (f) E=-1.8 V vs Ag/AgCl, iron
atomic percentage: 62.6 at %.Temperature: 300 K.
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Figure 10. Hysteresis loops of the different iron contents of the FePt films (a) E=-1.4 V vs Ag/AgCl,
iron atomic percentage: 46.0 at %(348 Oe); (b) E=-1.5 V vs Ag/AgCl, iron atomic percentage:
49.7 at %(522 Oe); (c) E=-1.6 V vs Ag/AgCI, iron atomic percentage: 52.5 at %(546 Oe); (d)
E=-1.7 V vs Ag/AgCl, iron atomic percentage: 59.3 at % (515 Oe); (e) E=-1.8 V vs Ag/AgClI,
iron atomic percentage: 62.6 at % (363 Oe). Temperature: 300 K.
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Fig 10 shows magnetic hysteresis loops of FePt films with different iron contents at 300 K. As
the iron contents of FePt films were increased from 46.0 at % to 62.6 at % as the coercivity was
increased firstly and reduced afterward. When the iron content of FePt films was near 52.5 at %, the
maximum coercivity was about 546.94 Oe. The hysteresis loops illustrated that the FePt films had
ferromagnetic behavior, but just some nanoparticles larger than the mean diameter exhibited the
ferromagnetic behavior and the fct phase FePt nanoparticles reached about certain diameter had the
ferromagnetic behavior [8, 26, 28].

4. CONCLUSION

The present paper shows that the electrodeposition of FePt thin films can be obtained with
certain ratio of Fe(1l)/Pt(IV) in ionic liquids electroplating bath (25 mL EG, 50 mM/L EMIC) and
suitable deposition potential. The reduction of Fe (Il) to Fe in the ionic liquids was irreversible
controlled by diffusion. With the bath composition of Fe(ll)/Pt(1VV) was about 1(50 Mm/L):11 and
deposition potentials were controlled from -1.4 V to -1.8 V vs Ag/AgCl, the atoms ratios of Fe/Pt films
were increased from 46.0 at % to 62.6 at %. SEM micrographs shows needle-like FePt alloys structure
was transformed into network structure when deposition potentials increased. Wtih the increase of the
iron content, the chasms were increased. It indicated that the cohesion of FePt films was not very well.
From the X-ray diffraction patterns, the ferromagnetic FePt films were obtained when the atom ratios
of Fe and Pt near 52.5 at %. The magnetic properties of FePt films could be optimized with the
maximum coercivity of 546 Oe when the deposition potential is -1.6 V vs Ag/AgCI. The fct FePt with
ferromagnetic behavior could be obtained through electrodeposition with deposition potential -1.6 V vs
Ag/AgCI and certain bath composition(25 mL EG, 50 mM/L EMIC and bath composition of
Fe(I1)/Pt(1V) was 1:11) at 373 K.
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