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Fe55Pd45 nanoparticles were prepared from iron acetate and palladium acet-
ate by sonoelectrodeposition. The as-prepared nanoparticles were annealed at
various temperatures from 450�C to 700�C for 1 h in order to study the effect
of heat treatment on the phase composition, particle size and magnetic
properties. The phase composition and the crystallite size of the annealed
samples were determined by x-ray diffraction while the particle size was
studied by transmission electron microscopy. It was revealed that the mag-
netic properties of the samples depend on the phase composition of the
material. The as-prepared nanoparticles had a disordered face-centered cubic
(fcc) structure which transformed to a multi-phase material containing an
ordered L10 FePd phase and a body-centered cubic Fe after annealing at
550�C; however, a disordered fcc FePd also remained in the material. The
ordering in the structure yielded a significant increase in the room-tempera-
ture coercivity from 0.5 kOe to 1.1 kOe. At 700�C, the coercivity decreased due
to the formation of a disordered fcc c-FePd phase. In addition to the phase
transformation, the average crystallite size grew from about 8 nm to 50–
70 nm during annealing.

Key words: FePd, sonoelectrodeposition, magnetic nanoparticles, hard
magnetic materials

INTRODUCTION

FePt and FePd nanoparticles have attracted
considerable interest due to the large magnetocrys-
talline anisotropy of their L10-type ordered struc-
ture.1–12 This property predestines these materials
for advanced magnetic applications, such as the use
in ultrahigh-density magnetic recording media. The
ordered face-centered tetragonal (fct) L10 FePd
alloy is magnetically hard and exhibits a large
magnetocrystalline anisotropy with the value of
1.8 9 107 erg cm�3.1 Different approaches were

elaborated for the preparation of FePd nanoparti-
cles, including epitaxial growth by electron beam
deposition,5–7 modified chemical synthesis,8–10 mod-
ified polyol process11 or microwave irradiation.12

However, these techniques did not show exclusively
the ordered L10 phase transition similarly as in
FePt preparations. Nanostructured FePd can also
be prepared in the form of thin film using sputter-
ing,13,14 molecular beam epitaxy14 or electrodeposi-
tion.15,16 The latter method is a promising technique
to obtain FePd thin films because it is less expensive
than physical methods (such as sputtering) and less
complicated than chemical methods. Recently, a
sonoelectrochemistry method was developed for
processing nanoparticles.17 This technique(Received October 7, 2016; accepted December 28, 2016;
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combines the advantages of sonochemistry and
electrodeposition. Sonochemistry is a very useful
synthetic method in which the application of ultra-
sonic energy could increase the rate of electrolytic
water cleavage. The effects of ultrasonic radiation
on chemical reactions are due to the very high
temperatures and pressures, which develop in and
around the collapsing bubble.18 As mentioned
above, sonoelectrochemistry exhibits the potential
benefit of combining sonochemistry with electro-
chemistry. Some of these beneficial effects include
acceleration of mass transport, cleaning and degas-
sing of the electrode surface and an increased
reaction rate.19

In our previous paper, we studied the magnetic
properties of FePd nanoparticles synthesized by
sonochemistry.20 Very recently, the magnetic prop-
erties of Fe60Pd40 nanoparticles prepared by sono-
electrodeposition were investigated by Luong
et al.21 In the present study, we report the structure
and the magnetic properties for another chemical
composition of FePd nanoparticles (Fe55Pd45) pre-
pared by sonoelectrochemistry. This sonoelectrode-
position method has also been used for the
preparation of CoPt nanoparticles encapsulated in
carbon cages22 and FePt nanoparticles.23 We show
that the hard magnetic properties of FePd nanopar-
ticles are strongly influenced by the phase compo-
sition of the material.

EXPERIMENTAL

The synthesis of FePd nanoparticles was carried
out by sonoelectrodeposition. The applied experi-
mental setup was described in Ref. 21. A titanium
horn with a diameter of 1.3 cm acted as both
cathode and ultrasound emitter (Sonics VCX 750).
The electroactive part of the sonoelectrode was the
planar circular surface at the bottom of the Ti horn.
An isolating plastic jacket covered the immersed
cylindrical part of the electrode. This sonoelectrode
produced a sonic pulse that immediately followed a
current pulse. One pulse driver was used to control
a galvanostat and the ultrasonic processor, which
was adapted to work in the pulse mode. A home-
made galvanostat (without using a reference elec-
trode) was used to control the constant current
regime. A 1-cm2 square platinum plate was used as
a counter electrode. The current pulse was 15 mA/
cm2. The ultrasound power density was 100 W/cm2.
The duration ton of the current pulse was 0.5 s;
then, the current was turned off for a fixed duration
toff of 0.8 s. During ton, FePd nanoparticles were
deposited on the surface of the electrode. When the
current was turned off, the ultrasound was acti-
vated for 0.2 s to remove the nanoparticles from the
electrode. The synthesis was performed at room
temperature.

The volume of the electrolysis cell was 100 ml
containing iron(II) acetate [Fe(C2H3O2)2], palla-
dium(II) acetate [Pd(C2H3O2)2], and Na2SO4, which

were mixed under (Ar + 5% H2) atmosphere. After
deposition, the FePd nanoparticles were collected by
a centrifuge (Hettich Universal 320 rpm, 5000 rpm,
30 min). Then, the nanoparticles were dried in air
at 70�C for 30 min. The as-prepared samples were
then annealed at various temperatures from 450�C
to 700�C for 1 h under continuous flow of (Ar + 5%
H2) gas at a heating rate of 5�C/min. The phase
compositions of the as-prepared and the annealed
samples were studied by x-ray diffraction (XRD)
using a Philips Xpert powder diffractometer with
CuKa radiation (the wavelength was 0.15418 nm)
and Bragg–Brentano geometry. The chemical com-
position of the FePd nanoparticles was studied by
energy dispersive x-ray spectroscopy (Oxford Isis
300 EDS system) which revealed that the chemical
composition of our sample is Fe55Pd45. The size of
powder particles was studied by transmission elec-
tron microscopy (TEM). In this investigation, the
powders were dispersed in distilled water and the
dilute mixture was placed into ultrasound for 5 min.
The dilute dispersion was dropped onto a thin
carbon foil over a copper grid. The samples were
examined in a JEOL 3010 TEM instrument, oper-
ated at 300 kV. The images were recorded by a
GATAN Orius charge-coupled device (CCD) camera.
The magnetic properties of the as-prepared and
annealed samples were studied at room tempera-
ture using a vibrating sample magnetometer (VSM)
with a maximum magnetic field of 13.5 kOe.

RESULTS AND DISCUSSION

The x-ray diffractograms obtained on the as-
prepared Fe55Pd45 nanoparticles and the samples
annealed at 450�C, 550�C, and 700�C for 1 h are
shown in Fig. 1. The phase compositions of the
specimens determined from the XRD patterns are
given in Table I. The XRD intensity fractions and
the lattice parameters of the different phases are
also listed in this table. The intensity fractions were
determined from the total integrated peak intensi-
ties for the different phases which were calculated
as the sum of the areas under the XRD peaks
detected in the diffraction angle range of 30�–110�.
In the as-prepared state, the sample is almost a
single-phase face-centered cubic (fcc) material with
a lattice parameter of 0.3894 nm ± 0.0004 nm (see
Fig. 1a). This lattice constant agrees with the lattice
parameter of 4 N purity Pd (�0.3890 nm) within the
experimental error. As the material contains 55
at.% Fe, the iron atoms must be dissolved in this fcc
lattice. An ordered arrangement of Fe atoms in the
Pd lattice would lead to a tetragonal distortion of
the structure, resulting in an appearance of addi-
tional reflections in the XRD pattern. The lack of
these tetragonal peaks suggests a disordered distri-
bution of Fe atoms in the fcc Pd-type lattice. If iron
solute atoms occupied only substitutional or inter-
stitial sites, they would yield a lower or higher
lattice constant, respectively, than the value for
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pure Pd. As the lattice parameter of the as-prepared
Fe55Pd45 nanoparticles was close to the lattice
constant of pure Pd, it is assumed that iron atoms
occupy both interstitial and substitutional sites in
the fcc Pd lattice. Therefore, this phase is referred to
as disordered Pd(Fe) and its notation indicates that
the lattice parameter of this phase is very close to
the value for pure Pd.

Annealing of the nanoparticles at 450�C for 1 h led
to a decrease of the lattice constant of the disordered
Pd(Fe) phase from �0.3894 nm to �0.3854 nm but
considerable ordering did not occur as indicated by
the XRD pattern in Fig. 1b. In addition, a body-
centered cubic (bcc) Fe phase was also formed with
the intensity fraction of �19% (see Table I). The
lattice constant of this iron phase was �0.2867 nm
which is larger than that for pure iron (�0.2856 nm)
which suggests Pd solution in the Fe lattice. The
decrease of the lattice parameter of the Pd(Fe) phase
was most probably caused by a reduction of intersti-
tial Fe content in the Pd lattice and these iron atoms
might contribute to the development of the bcc Fe
phase. The precipitation of bcc Fe is in accordance
with the equilibrium Fe–Pd phase diagram; there-
fore, this process has thermodynamic driving force.
Despite the prediction of the phase diagram, ordered
tetragonal FePd was not observed. Instead, a

disordered Pd(Fe) phase with a high fraction
(�81%) was retained in the sample annealed at
450�C. The ordering of substitutional Fe atoms in
Pd(Fe) requires vacancy diffusion, and it seems that
the time of annealing (1 h) at 450�C was not enough
for the nucleation of the tetragonal FePd phase by
this mechanism. At the same time, diffusion of
interstitials is easier; therefore, they could con-
tribute to the development of the bcc Fe phase.

Annealing at 550�C for 1 h yielded a formation of
an ordered tetragonal L10 FePd phase with the
intensity fraction of �39%, as indicated by the XRD
pattern in Fig. 1c. The lattice constants of the L10

phase are listed in Table I. It is noted that in this
state, the main peaks of the L10 FePd phase were
very close to the peaks of the disordered fcc Pd(Fe),
as illustrated in Fig. 2. The intensity fraction of the
remaining disordered fcc Pd(Fe) phase was �41%. It
seems that annealing at 550�C for 1 h was enough
for a partial transformation of disordered fcc Pd(Fe)
to the L10 FePd phase due to the accelerated
diffusion of substitutional Fe atoms. The intensity
fraction of bcc Fe was smaller at 550�C (�8%) than
that observed at 450�C (�19%), in accordance with
the equilibrium Fe–Pd phase diagram. In addition,
an unknown fcc phase with a lattice constant of
�0.3957 nm and an intensity fraction of �12% was

Fig. 1. X-ray diffractograms measured on the (a) as-prepared Fe55Pd45 nanoparticles and the samples annealed at (b) 450�C, (c) 550�C, and (d)
700�C for 1 h. The intensity is plotted in logarithmic scale.
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also detected (see Fig. 1c; Table I). This lattice
constant is larger than that for pure Pd
(�0.3890 nm). This phase may be fcc Pd with a
large interstitial Fe atom content.

After annealing at 700�C for 1 h, two main phases
were observed: an L10 FePd phase and a disordered
fcc c-FePd with the intensity fractions of �10% and
�90%, respectively (see Fig. 1d). The c-FePd phase
contains a large amount of substitutional Fe atoms
as indicated by the relatively small lattice constant
of �0.3784 nm (see Table I). According to the equi-
librium phase diagram, at 700�C, the material must
be a single-phase fcc c-FePd. Most probably, one
hour of annealing is not enough for the transforma-
tion of the total volume to c-FePd. It should be noted
that beside the L10 FePd phase, a very small
amount of bcc Fe (�1%) also remained in the
powder annealed at 700�C (not listed in Table I).

The average crystallite sizes for the different
phases were determined from the breadths of the
first main peaks using the Scherrer equation and
listed in Table I. In the as-prepared state, the
crystallite size was 8 nm ± 2 nm. Annealing
resulted in an increase of the crystallite size. At
the highest temperature (700�C), the average crys-
tallite size was between 50 nm and 70 nm.

In order to determine the average grain size, TEM
was carried out for the as-prepared nanoparticles
and the samples annealed at 550�C and 700�C.
Figure 3 shows TEM micrographs taken of the as-
prepared material and the specimen annealed at
550�C. The average particle size was determined
from about one hundred particles for each sample
and listed in Table I. In the as-prepared state, the
average particle size was 5 nm ± 1 nm (see Fig. 3a).
During annealing at 550�C, the particle size distri-
bution became bimodal. About one-quarter of the
particles remained small with the average size of
�5 nm, while the majority of the particles were

coarsened to the average size of �60 nm. Figure 3b
and c illustrate the particles with large and small
sizes, respectively, for the sample heat-treated at
550�C. Annealing at 700�C resulted in further
particle coarsening; however, the size distribution
remained bimodal. The average sizes for the smaller
and larger particle fractions were �7 nm and
�103 nm, respectively. The average particle sizes
obtained by TEM are in a reasonable agreement
with the crystallite sizes determined from the
breadths of XRD peaks (see Table I). This agree-
ment suggests that the particles are single crystals,
i.e., they are not fragmented into smaller subgrains.

Figure 4 shows the room-temperature hysteresis
loops measured on the Fe55Pd45 nanoparticles
annealed at various temperatures. The samples
exhibit hard magnetic properties. The coercivity
(HC) for the sample annealed at 450�C was
�0.51 kOe which increased to �1.1 kOe after
annealing at 550�C for 1 h. A further increase of
the annealing temperature to 700�C yielded a

Table I. The phase composition of the as-prepared Fe55Pd45 nanoparticles and the specimens annealed at
450�C, 550�C, and 700�C for 1 h, as determined by XRD

State Phase composition
Lattice

parameters (nm)
Intensity

fraction (%) dXRD (nm) dTEM (nm)

As-prepared Disordered fcc Pd(Fe) a = 0.3894 ± 0.0004 100 8 ± 2 5 ± 1
Annealed at 450�C Disordered fcc Pd(Fe) a = 0.3854 ± 0.0003 81 ± 2 24 ± 2 –

bcc Fe a = 0.2867 ± 0.0002 19 ± 2 58 ± 3
Annealed at 550�C Disordered fcc Pd(Fe) a = 0.3837 ± 0.0005 41 ± 5 58 ± 5 45 ± 3

L10 FePd a = 0.3861 ± 0.0007 39 ± 5 48 ± 10
c = 0.3711 ± 0.0009

Unknown fcc phase a = 0.3957 ± 0.0003 12 ± 2 49 ± 3
bcc Fe a = 0.2872 ± 0.0002 8 ± 2 48 ± 4

Annealed at 700�C Disordered fcc c-FePd a = 0.3784 ± 0.0002 90 ± 5 68 ± 4 70 ± 8
L10 FePd a = 0.3866 ± 0.0006 10 ± 5 56 ± 8

c = 0.3709 ± 0.0005

The XRD intensity fractions, the crystallite sizes (dXRD) and the lattice parameters (a and c) for the different phases are also given. The
average particle size values determined by TEM for the as-prepared sample and the specimens annealed at 550�C and 700�C are also
listed.

Fig. 2. A part of the x-ray diffractogram taken on the Fe55Pd45
nanoparticles annealed at 550�C for 1 h.
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reduction of HC to �0.19 kOe. The maximum value
of coercivity achieved at 550�C (�1.1 kOe) was not
very high since the XRD intensity fraction of the
ordered L10 FePd phase with high magnetocrys-
talline anisotropy was only 39% (see Table I).
Further increase in the annealing temperature
yielded a decrease in coercivity, suggesting that
the degree of ordering in the FePd nanoparticles
was reduced. Watanabe et al.11 have used the
modified polyol process, i.e., simultaneous reduction
of palladium acetylacetonate (Pd(acac)2) and ther-
mal decomposition of iron pentacarbonyl [Fe(CO5)]
in a solvent, to prepare the Fe49.2Pd50.8 nanoparti-
cles. These authors obtained an HC value of
2.04 kOe at 5 K for Fe49.2Pd50.8 samples annealed
at 600�C for 1 h. It should be noted, however, that
the Fe49.2Pd50.8 nanoparticles studied in Ref. 11
were annealed only at one temperature (600�C) and

no value for the room-temperature coercivity was
reported. The modified polyol process has also been
used by Gajbhiye et al.24 to prepare Fe43Pd57

nanoparticles. These authors annealed the samples
at 450�C, 550�C, and 600�C for 1 h. They reported
room-temperature HC values of 1.18 kOe and
1.3 kOe for Fe43Pd57 samples annealed at 550�C
and 600�C, respectively. These authors noted, how-
ever, that annealing at 600�C led to severe agglom-
eration of FePd nanoparticles, which is harmful for
technical applications. Hou et al.9 synthesized
Fe48Pd52 nanoparticles by a chemical method and
annealed the samples at 550�C, 600�C, and 700�C
for 30 min. They reported that the coercivity of the
samples increased with the annealing temperature
up to 600�C, reaching an HC value of �2 kOe at
room temperature. These authors noted that fur-
ther increase in the annealing temperature

Fig. 3. TEM micrographs of (a) the as-prepared Fe55Pd45 nanoparticles and (b, c) the sample annealed at 550�C for 1 h.

Fig. 4. Room-temperature magnetization curves for Fe55Pd45 nanoparticles annealed at various temperatures.
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decreased the coercivity, suggesting the formation
of a new magnetically soft Fe3Pd phase.

Figure 5 shows the dependence of the room-
temperature coercivity on the annealing tempera-
ture for the present Fe55Pd45 nanoparticles. It is
revealed that the coercivity of the Fe55Pd45

nanoparticles increased with increasing the anneal-
ing temperature up to 550�C due to the formation of
the ordered L10 FePd phase. It is noted, however,
that the appearance of the bcc Fe phase also
influenced the coercivity. Further increase in the
annealing temperature led to a reduction of coer-
civity. The decrease of HC with increasing annealing
temperature above 550�C can be attributed to the
reduction of the fraction of ordered FePd phase.

CONCLUSIONS

Fe55Pd45 nanoparticles with a crystallite size of
about 8 nm were prepared by sonoelectrodeposition.
After annealing at various temperatures, the sam-
ples showed hard magnetic properties with the
maximum room-temperature coercivity of
�1.1 kOe. The coercivity of the samples was
strongly influenced by the crystalline phase compo-
sition. It was found that the as-prepared sample
was a single phase disordered fcc Pd(Fe). With
increasing temperature, ordered L10 FePd and bcc
Fe phases were formed. The highest degree of
ordering was achieved at 550�C which yielded a
maximum coercivity. Further increase in the
annealing temperature led to a reduction of coer-
civity, in accordance with the formation of a disor-
dered fcc c-FePd. Beside the phase transformation,
significant coarsening of the particles was also
observed during annealing. This study demon-
strates the strong temperature dependence of the

structure and magnetic properties of Fe55Pd45

nanoparticles prepared by sonoelectrodeposition.
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