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Abstract. Fc-Pt matcrials have been widely prepared by vacuum evaporation technique. Recently,
chemical and physicochemical methods have been suceessfully used to make Fe-Pt nanoparticles,
thin films. This paper reported another physicochemical method, namely sonoclectrodeposition, to
produce Fe-Pt nanoparticies. In the sonoclectrodeposition, the electrodeposilion process was
assisted with a sonicator. The Ti horn of the sounicator played a role as the cathode on which Fe-Pt
nanoparticles were deposited. After a certain time of deposition, a sonic pulse was applied to
remove the particles from the Ti cathode. The composition of Fe-Pt particles can be controlled by
changing the concentration of Fe and Pt ions in the electrolyte and the deposition voltage. The
particle size can be adjusted by the time of deposition. The as-deposited Fe-Pt nanoparticles were
ferromagnetic at room temperature. Upon anncaling at 700°C for 1 h under H; atmosphere, the
saturation magnetization and the coercivity of the nanoparticles were improved significantly.
Sonoclectrodeposition is a promising technique to make large quantity of Fe-Pt nanoparticles.
Keywordys, FePt Llg shiuctune, sunoclectodeposition, magnetic nanopatticles, hud magnetic
matcrials..

1. Introduction

FePu alloy can be in either a disordered face-centered cubic (fcc) phase in which the statistical
distribution of the Fe and Pt atoms is substitutionally random, or in a partially or completely ordered
face-centered tetragonal (fet) phase in which Fe and Pt atoms occupy specific sites. The ordered phase
can change to the disordered phase and vice versa at clevate temperatures [1]. The fct FePt alloy
possesses excellent hard magnetic properties with the saturation magnetization, oM, of 1.4 T, the
Currie temperature, T,, of 750 K, and the crystalline anisotropy K, of 7 MJ/m’ [2]. Despite the high
cost of Pt, FePt thin films or particles have been paid much attention for their use as ultrahigh density
magnetic storage media and microclectronic mechanical system (MEMS) duc to the mechanical and
chemical stability of the ordered fct L1, structure. Beside the equiatomic composition FePt, the FeiPt
and FePty with L1, structure and less preferred magnetic properties can exist. The ordered FePt
materials are normally obtained from the disordered matenals via the order-disorder transition. But
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sometimes the ordered phase can be obtained from pure Fe and Pt layers via the ditfusion of the twvo
materials at high temperatures [3].

There are several ways to make FePt nanostructured materials including physical techniques suc:h
as mechanical deformation [3), arc-melting [4], vacuum evaporation (sputtering, thermal evaporatiorn )
[5, 6], laser ablation pulse [7], chemical methods [8-10], and physicochemical method such s
electrodeposition [11, 12]. Up to now, the vacuum evaporation is the most used method
Electrodeposition is a promising way to obtain FePt thin films because it is less expensive thain
physical methods, less complicated than chemical methods. But by this techaique, it is difficult to geer
nanoparticles with large quantity. Sonoelectrochemistry was developed to make nanoparticles [13]. It
combined the advantages of sonochemistry and electrodeposition. Sonochemistry is a very usefiul
synthetic method which was discovered as early as 1934 that the application of ultrasonic energzy
could increase the rate of electrolytic water cleavage. The effects of ultrasonic radiation on chemic:al
reactions are due to the very high temperatures and pressures, which develop in and around thie
collapsing bubble [14]. Sonoelectrochemistry has the potential benefit of combining sonochemistiry
with electrochemistry. Some of these beneficial effects include acceleration of mass transporrt,
cleaning and degassing of the electrode surface, and an increased reaction rate [15). In this paper, wee
report the use of the sonoelectrochemical method for the preparation of FePt nanoparticles.

2. Experimental

The sonoelectrochemical device employed is stmilar to that described in ref. [16]. A titanium horrn
with diameter of 1.3 cm acted as both the cathode and ultrasound emitter (Sonics VCX 750). Tine
electroactive part of the sonoelectrode was the planar circular surface at the bottom of the Ti horn. Awn
isolating plastic jacket covered the immersed cylindrical part. This sonoelectrode produced a soniic
pulse that immediately followed a current pulse. One pulse driver was used to control a galvanostiat
and the ultrasonic processor, which was adapted to work in the pulse mode. A home-made galvanost:at
(without using a reference electrode) was used to control the constant current regime. A platinum plaite
with a squarc of 1 cm? was used as a counter electrode. The current pulse was changed from 15 to B0
mA/cm’. The ultrasound power density was 100 W/cm?. The duration 1., of the current pulse was 0.5 —
0.8 s then the current was turned off for a fixed duration #,; of 0.5 s. During 1, FePt nanoparticlees
werc deposited on the surface of the electrode When the current was switched off, an ultrasound wias
activated to remove the nanoparticles from the electrode. The time of ultrasound was 0.2 s for :all
samples. The temperature during the reaction was room temperature. The volume of the electrolysis
cell was 80 ml containing 1 mM/1 H,PtCl, 0.1 M/1 FeSO,, and 0.525 M/l Na,SQO,. The chemicals werre
mixed under N, atmosphere. The pH = 3 of the solution was controlled by H.SO,. After depositioin,
FePt nanoparticles were collected by using a centrifuge (Hettich Universal 320, 9000 RPM, 20 mim).
Nanoparticles were dried in air at 80°C for 20 min. All samples were annealed at 700°C for 1 h undier
H, atmosphere. The structure of the nanoparticles was analyzed by using a Bruker D5005 X-r:ay
diffractometer (XRD). Magnetic measurement was conducted by using a DMS-880 sample vibratiing
magnetometer (VSM) with maximum magnetic field of 13.5 kOe at room temperature. The partic:le
morphology was obtained from a transmission electron microscope (TEM JEMI010-JEOL). Tihe
chemical composition of the Fe-Pt nanoparticles was studied by using an energy dispersion
spectroscopy (EDS OXFORD-ISIS 300). The thermal behaviour was examined by a differentiial
scanning calorimetry (DSC, STD 2960 TA Instruments) over the temperature range of 25-750°C wiith
heating rates of 10°C/min under flowing argon.
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3. IResults and discussion

The chemical composition of the Fe-Pt nanoparticles was controlled by adjusting the current
denssity (corresponding to the applied voltage). When the current density of 15 — 20 mA/cny’, the
cormyprosition of nanoparticles was close to the expected tquiatomic composition (Table 1). At higher
curteemt densities, the atomic percent of Fe was higher because the standard electrode potential Fe*'/Fe
(-0. 444 V [17]) is more negative than that of Pt*"/Pt (0.742 V [18]).

Tablie 1. Chemical composition, magnetic properties of the samples. J is the current density; ,, is the deposition
time of a pulse, Fe, Pt are the atomic percent of Fe and Pt in the samples, respectively, /, is the coercivity, M, is
the nagnetization at 13.5 kOe); M/M, is the magnetic squareness

Name J l.n Fe Pt H, M, MJIM,
(mA/ecm®)  (s) (at. %)  (at. %) (kOe)  (emu/g)

S1 30 0.5 69 31 5.0 40 0.26
S2 25 0.5 6l 39 6.0 45 0.36
S3 20 0.5 52 48 6.1 49 0.41
S4 15 0.5 45 55 8.5 23 0.70
S5 15 06 - - 9.1 24 0.72
S6 15 07 - E 8.5 30 0.4
S7 15 0.8 - - 8.7 43 0.4

N

Fig. 1. TEM images of the as-prepared (Ieft) and annealed (right) FePt
nanoparticles (700°C/1 h).

Figure 1 is the TEM images of typical as-prepared and annealed samples. Particle size of the as-
prepared FePt sample was 5 — 10 nm. After annealing the particle size increased to 10 — 25 nm due to
the waggregation and particle growth. In addition, the size distribution of the annealed particles was
larger than that of the as-prepared sanples.

Figure 2 shows the XRD patterns of the as-prepared and the annealed S4 nanoparticles (700°C for
I h). Before annealing, the XRD results showed the reflections of pure Pt structure, which is similar to
other FePt thin films produced by electrodeposition [19]. However, authors in Ref. [19] thought that
the reflections were from the disordered fcc phase. For the fcc phase, XRD results present only the
fundiamental reflections which are (111), (200), and (220). The fundamental reflections of the fcc FePt
are close to the (111), (200), and (220) reflections of the P1 that make some scientists thought that they
are of the fco structure. We propose that XRD results from our as-prepared nanoparticles and from
Ref. [19] are the peaks of only Pt. The reflections from Fe are very weak due to the fact that their
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atomic weight 1s much less than that of Pt which 1s similar to the XRD result of FePt foils prepared boy
cold deformation [20]. The Pt peaks in the as-prepared samples are broad due to the small size of thhe
particles. Using the Scherrer formula with the full width at half maximum of the strongest peak (1111),
the mean particle size of Pt particles was deduced to be 5.2 nm which is much smaller than the particlle
size obtained from the TEM image. The particles were not disordered FePt but they can be formed boy
many small domains of pure Fe and Pt. The formation of FePt by electrodeposition was not occurreed
and may be ascribed to the large difference in the standard electrode potential of the Fe*"/Fe anad
Pt*/Pt. Upon annealing, the formation of the ordered L1, fct phase happened by the diffusion processs
between Fe and Pt domains.
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Fig. 2. XRD patterns (Cu Ka radiation) of the as-prepared (bottom) and anncaled (top)

nanoparticles compared to those of the intensities for L1y FePt (pdf file 431359) and for

Pt (marked by the astericks, pdf file 04-0802). The fundamiental peaks of FePrt structure
were denoted by “f" and the superlattice peaks were denoted by *'s™.
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Fig. 3. DSC trace for the FePt nanoparticles (heating rate 10°C/min).

Figure 3 presents the DSC trace for the FePt nanoparticles in the temperature range from 25°C tto
750°C. There was a broad peak located at about 350°C. It is known that if there is a order-disordder
transformation, i.e., the transformation of the disordered fcc to the ordered fct phase, there will be : a
sharp peak in the range from 367°C — 440°C with the full width at half maximum of 56°C - 120°C con
the heat flow [21]. The broad peak on the DSC trace in the FePt nanoparticles suggests that there waas
no such transition in the FePt nanoparticles upon annealing. The formation of the L1, FePt phase waas
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via thie diffusion process of Fe and Pt domains because the diffusion occurred at any temperature. Both
fundiaimental and superlattice reflections of the L1, phase were presented in Fig. 2. There was a small
peak: next to the (111) main peak of the L1, FePt which can be assigned to the Pt-rich FePt phase —
FePt:;.. The presence of this phase can be explained by the incomplete diffusion between Fe and Pt
domuaiins.
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Fig. 4. Magnetic curves of sample S4. The maximum
applied field was 13.5 kOe.

Miagnetic measurements revealed low saturation magnetization (M) and coercivity (H.) in all as-
prepared samples (data not shown). The saturation magnetization of the unannealed particles was
about few emwg and the coercivity was 20 — 80 QOe. The low value of M, of the as-prepared
nanoparticles may be explained by the oxidation or hydroxidation of Fe atoms in nanoparticles which
can result in the weak magnetic iron oxides and iron hydroxides. This i1s in agreement with the
suggesstion of separated Fe and Pt domains in as-prepared nanoparticles. It is known that FePt with
high saturation magnetization is a chemically stable material. Therefore it is difficult to be oxidized to
for weak ferromagnetic materials After annealing the hard magnetic Feb't phase was tormed. tigure
4 presents the magnetic curve of the annealed S4 as an example. The curve shows a typical hard
magnietic hysteresis loops with high H.. Note that, because of the limit of maximum applied field of
13.5 kOe, the curve is a minor loop. Therefore, the real coercivity must be higher than those obtained
from the hysteresis curves. However, the loop shows a kink at low reversed magnetic field of 500 Oe,
which is indicates that there was a small amount of a soft magnetic phase. Classically, the coercivity is
defined as the field for which the magnetization (M) vanishes (H ;). In a more physically meaningful
definution, the coercivity H. may be defined as the field where the largest number of moments
reverses, 1.6, the maximum of the susceptibility (dM/dH). In most cases, both definitions of the
coercivity are almost equivalent. However in multiphase matenials, two definitions are significantly
different [22]. From Fig. 4, H"; was 6 kOe whereas H. was 8.5 kOe. The values of all studied samples
are grven in Table 1 and Fig. 5. Coercivity gets maximum value (equal or higher than 8.5 kQOe) in the
samplles with the chemical composition of the particles close to the equiatomic composition, i.e.,
samplles S4 — S7. Magnetization at the highest applied field (13.5 kOe), M,, and the magnetic
squareness (defined as M/M,, where M. is the remanent magnetization) of S4 are 23 emw/g and 0.70,
respectively. Similar magnetic properties have been obtained for other samples. When the current
density J reduced, the coercivity increased and with J = 15 mA/cm?, H, was equal or larger than 8.5
kOe and almost did not change significantly with f,, This is because with J = 15 mA/cn?’, the
chemical composition of nanoparticles are close to the equiatomic composition. The atomic percent of
Fe increased with J which resulted in the high M, (samples SI — S3) as shown in Table 1. However,



6 N H Luong et al. / VNU Journal of Science, Mathematics - Physics 25 (2009) 1-7

the magnetic squareness M,/M, reduced with J because of the presence of the FesPt. Of coursee, the
kink in the magnetic curves was more evident in the samples with high Fe content.
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Fig. 5. Dependence of magnetic squareness and coercivity on current

density J (top) and deposition time 1, (bottom).

In another series of samples, we fixed the current density and change the deposition time f.,.. We
thought that by changing ¢, the size of particles would change and therefore the magnetic propecrties
of the particles would be affected. After annealing, H. did not change with ¢, as significantly aas M.,
did. The coercivity of S4 — S7 was in the range from 8.5 kOe to 9.1 kOe (Table | and Fig. 5). Thisis can
be explained by the fact that the chemical composition mainly depended on the current dennsity.
Magnetic properties of the samples S4 and S5 were almost the same. Sample S5 showed the 1 most
preferred hard magnetic properties. The magnetic squareness showed a sudden drop and M, showwved a
strong change when the deposition time was longer than 0.6 s as shown in sample S6 and S7 wahich
presented strong ratio of a soft magnetic phase. In our experiment, we only used 0.08 mM
(corresponding to 1 mM/I) Pt'" in a bath of 80 ml which was enough to make about 20 mg ' FePt
nanoparticles. For long deposition time, the concentration of Pt'* in the eclectrolyte redduced
significantly with time. Therefore, there were more Fe®* ions deposited on the Ti horn than Pt*" 1 ions.
As the result, there can be more Fe in samples S6 and S7 which caused their low magnetic squareeness
and high M.

4. Conclusion

Sonoelectrochemistry is a promising method to make FePt magnetic nanoparticles. | FePt
nanoparticles made by this technique had the size of 10 - 20 nmv After annealing, the nanopart:ticles
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sshowed a high coercivity of 9.1 kOe at room temperature. This method possesses some advantages
«compared to common methods such as simple preparation, low-cost equipment and easy scale-up.
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