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Abstract
Rare-earth-free or iron-based permanent nanomagnets are emerging as promising candidates for energy-conversion and 
information technologies. In this interest, FexPd100-x nanoparticles (x = 50, 55, 60, and 63) were prepared from iron acetate 
and palladium acetate by sonoelectrodeposition. After annealing the nanoparticles at various temperatures from 450 to 
700 °C for 1 h, structural changes were observed, and the samples exhibit hard magnetic properties that depend strongly on 
chemical composition and annealing temperature. The major phase in the as-prepared nanoparticles has a disordered face-
centered cubic structure, which, upon annealing, transforms into a multi-phase material containing a L10 ordered FePd phase. 
The fractions of different phases present in the annealed samples, including that of the L10 phase as functions of chemical 
composition and annealing temperature, are quantified by means of X-ray diffraction and scanning transmission electron 
microscopy. Magnetic measurements show the desirable hard magnetic properties for the samples annealed at 550–600 °C. 
A correlation between the magnetic coercivity and the L10 ordered FePd phase fraction is established for the first time in 
the FexPd100-x nanoparticles.
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1  Introduction

In recent years, the synthesis of magnetic nanostructures has 
been investigated for various applications due to their unique 
structural, electrical, and magnetic properties [1–5]. FePt, 
CoPt, and FePd nanoparticles have attracted considerable 

attention for their potential use in magnetic applications, 
including ultrahigh-density magnetic recording media and 
high-performance permanent magnets, due to the high mag-
netocrystalline anisotropy of their L10-type ordered structure 
[6–14]. The ordered face-centered tetragonal (fct) L10 FePd 
alloy is magnetically hard and exhibits a magnetocrystal-
line anisotropy energy density, Ku, of 1.8 × 107 erg/cm3 [6, 
15]. This value of Ku is lower than 6.6–10 × 107 erg/cm3 
for FePt and 4.9 × 107 erg/cm3 for CoPt [6]. To be able to 
write information onto media, high Ku recording materi-
als usually require high writing fields. Owing to its high 
magnetocrystalline anisotropy, FePt media require a much 
higher writing field than those currently applicable from 
magnetic recording heads [16]. Therefore, L10 FePd may 
be more preferable than its L10 counterparts for applica-
tion in magnetic recording media [16–19]. As for FePt and 
CoPt materials, the as-prepared FePd nanoparticles are in 
the disordered face-centered cubic (fcc) phase. Appropriate 
annealing is needed to transform the disordered fcc phase 
into an ordered fct L10 phase.

Several approaches have been employed to prepare FePd 
nanoparticles, including epitaxial growth by electron beam 
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deposition [16, 20–23], chemical synthesis [24–27], modi-
fied polyol process [28–30], microwave irradiation [31], 
and one-pot pyrolysis method [32]. In 2020, Shao et al. 
[33] introduced a eutectic crystallization approach into 
the synthesis of hard magnetic FePd nanoparticles. FePd 
films have also been prepared using sputtering [19, 34–39], 
thermal evaporation [40], molecular beam epitaxy [35, 41], 
and electrodeposition [42–44]. We previously reported on 
the magnetic properties of FePd nanoparticles prepared 
by sonochemistry [45]. Very recently, we have used the 
sonoelectrodeposition method for the preparation of FePd 
nanoparticles with tunable chemical compositions [46, 47]. 
Sonoelectrodeposition is a technique combining the advan-
tages of sonochemistry and electrodeposition [48]. Some 
of the beneficial effects of sonoelectrodeposition include 
acceleration of mass transport, cleaning and degassing of 
the electrode surface, and an increased reaction rate [49].

It is known that annealing FePd nanoparticles transforms 
the fcc phase into a multi-phase material containing disor-
dered and L10 ordered phases [47]. Due to the presence of 
the L10 ordered phase with high magnetocrystalline anisot-
ropy, it is essential to examine relationship between the mag-
netic coercivity and the L10 ordered FePd phase fraction in 
the FePd nanoparticles. While a strong correlation between 
the magnetic coercivity, HC, and the L10 ordered phase frac-
tion, fo, (also its chemical order, s0) has been established for 
FePt and CoPt thin films due to the strong dependence of 
magnetocrystalline anisotropy on fo [50–52], to the best of 
our knowledge, no report has dealt with this relationship 
in FePd nanoparticle systems. In a previous work [45], we 
observed some dependence of the coercivity on the degree 
of the chemical order in FexPd100-x nanoparticles but could 
not quantify the volume fractions of the disordered and 
ordered phases that coexisted in these nanoparticles, due to 
the lack of a thorough structural analysis. As for Fe60Pd40 
and Fe55Pd45 nanoparticles synthesized by sonoelectrodepo-
sition, we also observed a strong annealing temperature 
dependence of the structural and magnetic properties; how-
ever, their correlations were not established [46, 47]. This 
arose from the fact that volume fractions of disordered and 
L10 ordered FePd phases, which, as mentioned above, usu-
ally coexisted in the FePd nanomaterials, were not quanti-
fied in the previous studies [27–30, 45, 46]. An in-depth 
structural analysis can be performed by the combination 
of advanced characterization techniques such as X-ray dif-
fraction (XRD), transmission electron microscopy (TEM), 
scanning TEM (STEM) and energy-dispersive spectroscopy 
mapping in TEM (TEM-EDS).

To establish the relationship between the coercivity and 
the L10 ordered phase fraction in FePd nanoparticles, we 
have synthesized and characterized FexPd100-x (x = 50, 55, 
60, and 63) nanoparticles prepared by sonoelectrodeposi-
tion and annealed at different temperatures (450–700 °C). 

The volume fractions of different phases present in these 
samples, including that of the L10 ordered phase as func-
tions of chemical composition and annealing temperature, 
are quantified using a combination of XRD with TEM and 
STEM techniques. The analyzed results show evidence that 
annealing promoted the growth of the L10 ordered phase but 
also created other phases, whose volume fractions also var-
ied depending upon the chemical composition. The highest 
fraction of the L10 ordered phase was observed at annealing 
temperatures of 550–600 °C, irrespective of the Fe/Pd ratio 
in the samples. Optimal hard magnetic properties are also 
achieved at these annealing temperatures. These comprehen-
sive analyses, performed on FexPd100-x nanoparticles with 
a wide range of doping concentrations, have allowed us to 
establish for the first time, a correlation between the coerciv-
ity and the L10 ordered phase fraction in FePd nanosystems.

2 � Experimental

The synthesis of FexPd100-x nanoparticles was conducted by 
sonoelectrodeposition as described in [47]. The volume of 
the electrolysis cell was 100 ml containing iron(II) acetate 
[Fe(C2H3O2)2], palladium(II) acetate [Pd(C2H3O2)2], and 
Na2SO4, which were mixed under (Ar + 5%H2) atmosphere. 
Different Fe/Pd ratios were achieved by changing the ratio 
of iron acetate to palladium acetate. After deposition, FePd 
nanoparticles were washed and separated from the solution 
by adding ethanol and centrifuging (Hettich Universal 320) 
at 5000 rpm for 30 min. The as-received powders were dried 
in air at 70 °C for 30 min. The chemical composition of 
the FePd nanoparticles was studied using energy-dispersive 
spectroscopy (EDS OXFORD-ISIS 300). The EDS measure-
ments revealed that the chemical compositions of the four 
FexPd100-x samples investigated in this study were x = 50, 
55, 60 and 63. The as-prepared samples were then annealed 
at different temperatures Tan = 450, 500, 550, 600, 650, and 
700 °C for 1 h under continuous flow of Ar + 5%H2 gas mix-
ture. In this process, first the samples were heated up to a 
desired temperature Tan at a heating rate of 5 °C/min. Then, 
the powders were kept at the selected temperature Tan for 1 h 
and finally furnace cooled to room temperature. A schematic 
diagram of the preparation process is illustrated in Fig. 1.

The size and the morphology of the powder particles were 
studied by TEM. First, the investigated powder was dissolved 
in distilled water and dropped on a thin carbon film stretched 
over a Cu-grid. TEM and STEM measurements were carried 
out in a Titan Themis G2 200 TEM operated at 200 keV. TEM 
images were recorded with a FEI CETA 16 M camera, while 
STEM images were collected with a Fishione HAADF detec-
tor. EDS elemental maps were taken with a FEI Super-X EDX 
System using Velox software. The phase composition of the 
as-prepared and annealed samples was studied by XRD using a 
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Philips Xpert powder diffractometer with CuKα radiation (the 
wavelength was 0.15418 nm) and Bragg–Brentano geometry. 
The large fluorescence radiation of the iron containing phases 
caused by the CuKα X-rays was eliminated using a pyrolitic 
graphite secondary monochromator. The average crystallite 
size for each phase was determined from the broadening of 
the first XRD peak using the Scherrer formula [53]. The phase 
fraction of the different phases was determined as the fraction 
of the integrated intensity of the studied phase in the whole 
diffractogram. The intensity was calculated as the area under 
the XRD peaks after background subtraction applying the 
following steps. First, the area under each XRD peak after 
background subtraction was determined. For strongly overlap-
ping peaks, Lorentzian functions were used to fit these reflec-
tions and the areas under the fitted profiles were used for the 
determination of the integrated intensity. Then, the sum of the 
integrated intensities (areas under the peaks) of the available 
reflections was calculated for each phase. Finally, the fraction 
of a selected phase was characterized with the fraction of its 
intensity in the total XRD pattern. The magnetic properties of 
the samples were characterized at room temperature using a 
Vibrating Sample Magnetometer (VSM).

3 � Results and discussion

3.1 � Phase composition of the as‑prepared 
and annealed nanoparticles

The phase compositions of the as-prepared and annealed 
FexPd100-x powders were analyzed by XRD and are listed 
in Table 1. As an example, the XRD patterns of as-pre-
pared and annealed (at 600 and 700 °C) Fe60Pd40 samples 
are shown in Fig. 2. It can be seen in Table 1 that irrespec-
tive of the Fe/Pd ratio in the samples, the main phase in the 
as-prepared state is a fcc phase with a lattice constant of 
0.3897 ± 0.0006 nm, which is close to the lattice parameter 
of pure Pd (0.3891 nm, PDF: 00–0,050,681). This observa-
tion suggests that this fcc phase contains mainly Pd. On 
the other hand, the atomic size of Fe is only 4% smaller 
than that of Pd, therefore substitutional iron alloying in 
this phase cannot be excluded. In our study, this phase 
is denoted as a disordered Pd(Fe). The intensity fraction 
of this phase is 80–90% and the crystallite size is about 
10 nm as determined by XRD, irrespective of the chemi-
cal composition of the as-prepared powder. The secondary 
phase peaks are very broad and weak (see Fig. 2a), and 
the phase identification according to these reflections was 
unsuccessful. These broad peaks may be fingerprints of an 
amorphous phase as suggested by the TEM selected area 
electron diffraction (SAED) results, which are presented 
and discussed below. Most probably, this phase contains 
the majority of Fe in the as-prepared powders. Probably, 
the iron is oxidized and may be present in e.g., oxide-
hydroxide (amorphous) compounds. It should be noted 
that different X-ray absorption of the various phases can 
alter the values of their XRD intensity fractions. Namely, 
higher absorption reduces the measured intensity frac-
tion and additionally makes the identification of the weak 
peaks difficult [54]. In the present case, a large absorption 
can be caused by high X-ray fluorescence of iron atoms 
irradiated by CuKα radiation. For a reliable quantitative 
XRD phase analysis, the Brindley absorption criterion 
must be fulfilled, i.e., the value of μD should be less than 
0.01, where μ is the absorption coefficient and D is the 
particle size [55]. The absorption coefficient of both Fe 
and Pd—which are the main constituents of the presently 
studied materials—is about 2300 cm−1, therefore the effect 
of absorption on the X-ray intensity scattered by the dif-
ferent Fe and Pd containing phases is similar. Thus, the 
XRD intensity ratio can be used for the quantification of 
the phase fractions in our study. In addition, the crystallite 
size varies between 20 and 50 nm for most phases of the 
studied materials according to XRD, therefore, the value 
of μD is between 0.005 and 0.012, i.e., the Brindley crite-
rion of the reliable quantitative analysis is fulfilled.
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Fig. 1   Schematic diagram of the preparation process of FexPd100-x 
nanoparticles
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Figure 3a shows a typical TEM bright-field (BF) image 
on a particle cluster in the as-prepared Fe60Pd40. The con-
trast differences in the STEM high-angle annular dark-field 
(HAADF) image (see Fig. 3b) suggest chemical heteroge-
neities in the different particles of the agglomerate. Indeed, 
the Fe and Pd elemental maps in Fig. 3c and d, respectively, 
indicate that there is an abundance of Pd in the particles 
exhibiting bright contrast. Most probably, these particles 
are related to the Pd-rich fcc phase observed by XRD (see 
Fig. 2a). The SAED pattern in Fig. 3e shows spots which 
correspond to Pd reflections as revealed by the diffractogram 
obtained by integrating the intensity in the SAED pattern 
(see Fig. 2f). The broad continuous rings may be related to 
an amorphous phase, which must contain the majority of Fe 
since the sharp spots in the SAED pattern correspond to the 
fcc Pd peaks. EDS suggests that the latter phase contains 
iron, therefore, it is denoted as Pd(Fe).

Annealing the powders at 450 °C resulted in the forma-
tion of a significant amount of body-centered cubic (bcc) 
iron phase (see Table 1). Most probably, this phase was 
obtained by the crystallization of the assumed amorphous 
iron oxide-hydroxide compounds in the as-prepared sam-
ple. In addition, an ordered L10 FePd phase (PDF: 00–002-
1440) started to develop for the Fe60Pd40 and Fe63Pd37 
samples. This phase became significant and has intensity 
fractions between 25 and 41% for all of the four composi-
tions at 500 °C. The volume fraction of the L10 ordered FePd 
phase increased with increasing the annealing temperature, 
and this phase became dominant at 600 °C, as shown in 
Fig. 2b. As an example, Fig. 4a shows L10 FePd particles 
in the Fe60Pd40 sample annealed at 550 °C as suggested by 
TEM-EDS performed on the area, denoted by the rectangle 
in the HAADF image in Fig. 4b. Chemical analysis indicated 
that the composition is Fe50Pd50 in the investigated area. 

Table 1   The phase composition and the crystallite sizes of the different phases determined by XRD for the as-prepared FexPd100-x (x = 50, 55, 60, 
and 63) nanoparticles and the specimens annealed at 450, 500, 550, 600, 650, and 700 °C for 1 h

Intensity fraction (%) Crystallite size (nm)

Ann. Temp [°C] Phase Fe50Pd50 Fe55Pd45 Fe60Pd40 Fe63Pd37 Fe50Pd50 Fe55Pd45 Fe60Pd40 Fe63Pd37

As-prepared fcc Pd(Fe) 94 90 88 77 9 8 9 10
Unknown phase 6 10 12 23

450 fcc Pd(Fe) 71 81 62 45 24 21 29 23
bcc Fe 20 18 21 25 57 50 70 48
Fe3O4 9 – – 22 29 – – 30
L10 FePd – – 17 5 – – 37 –
Unknown fcc phase – 1 – 2 – – – 37

500 fcc Pd(Fe) 61 47 57 37 20 26 22 25
bcc Fe 2 8 3 30 71 41 58 57
Fe3O4 2 1 6 5 32 28 30 20
L10 FePd 35 41 34 25 22 26 27 27
Unknown fcc phase 4 2 28 28

550 fcc Pd(Fe) 60 41 34 46 21 20 31 20
bcc Fe 2 8 4 10 49 43 47 50
Fe3O4 1 – – – – – – –
L10 FePd 37 39 62 41 46 42 37 44
Unknown fcc phase – 12 – 2 – 43 – 21

600 fcc Pd(Fe) 50 18 43 36 24 28 18 23
bcc Fe 2 7 2 35 53 51 49 57
L10 FePd 48 71 55 29 41 31 29 51
Unknown fcc phase – 4 – – – 36 – –

650 fcc Pd(Fe) 53 – – 36 26 – – 18
fcc γ-FePd 19 80 76 46 74 53 49 34
bcc Fe 1 2 11 4 46 67 58 66
L10 FePd 27 18 13 14 47 22 24 35

700 fcc Pd(Fe) 62 – – 30 26 – – 20
fcc γ-FePd 16 90 81 42 44 60 43 51
bcc Fe – 1 7 3 – 59 49 38
L10 FePd 22 9 12 25 42 42 28 31
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The element distribution is relatively homogeneous in the 
whole particle cluster as shown in Fig. 4c, d. In this sample, 
particles with Pd- and Fe-rich compositions are shown in 
Fig. 5. The large grain in the center and the small grain 
at the top-right corner of the image (the latter is indicated 
by a yellow arrow) are enriched in Fe and Pd, respectively. 
Thus, it seems that different crystalline phases are present 
in different particles in the powder. In addition, the sizes 
of the particles are in accordance with the crystallite sizes 
determined by XRD (about 20–50 nm as shown in Table 1).

Further increase of the annealing temperature above 
550 °C yielded a reduction in the fraction of the L10 ordered 
FePd phase (see Table 1). Instead, a fcc γ-FePd phase (or 
disordered A1 phase as denoted in [56]) became the major 
phase at 650–700 °C as illustrated in Fig. 2c. At these tem-
peratures, there was an effect of the chemical composition 
on the intensity fractions of the crystalline phases. Namely, 
for Fe55Pd45 and Fe60Pd40, there was an abundance of the fcc 
γ-FePd phase (the intensity fraction is 80–90%), while for 
Fe50Pd50 and Fe63Pd37, a significant fraction of fcc Pd(Fe) 
remained in the samples even after annealing at 700 °C for 
1 h (see Table 1). This difference is illustrated in the com-
parison of XRD patterns obtained for the samples Fe50Pd50 
and Fe55Pd45 annealed at 700 °C in Fig. 6.

3.2 � Magnetic properties

To understand the effects of chemical composition and 
annealing on the magnetic properties of FexPd100-x nano-
particles, magnetic hysteresis M(H) loops were taken at 
room temperature for all the samples utilizing a VSM. Fig-
ure 7 shows room-temperature M(H) curves of the Fe50Pd50 
(x = 50) nanoparticles annealed at various temperatures. It 
is obvious that these nanoparticles show a hard magnetic 
characteristic at room temperature. A similar trend has been 
observed for FexPd100-x samples with x = 55, 60, and 63. For 
x = 50, the coercive field (HC) of the sample annealed at 
450 °C was about 0.26 kOe. The HC increased with increas-
ing annealing temperature and reached a maximum value of 
1.08 kOe at 550 °C. With further increase of the annealing 
temperature, HC decreased and had a low value of about 0.38 
kOe at 700 °C. Annealing-temperature dependences of HC 
for FexPd100-x (x = 50, 55, 60 and 63) are shown in Fig. 8a. 
As can be seen from this figure, the samples with differ-
ent x values show a similar annealing temperature-depend-
ent coercivity trend. The coercivity of the nanoparticles 
increases with increasing annealing temperature, achieves 
a maximum value at 550–600 °C, and then decreases for 
higher annealing temperatures (e.g., 700 °C).

Fig. 2   X-ray diffractograms measured on the a as-prepared and b, c annealed Fe60Pd40 nanoparticles. The intensity is in logarithmic scale
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A similar trend was observed for the coercivity of 
FexPd100-x nanoparticles prepared by sonochemistry in 
our previous study [45]. It should be noted, however, that 
the coercivity values obtained in [45] and in this study 
are different for the same composition and annealing tem-
perature. This is most likely due to the different synthesis 
techniques used in [45] (sonochemistry) and in this study 
(sonoelectrodeposition). Sonochemistry is the method in 
which molecules undergo a chemical reaction due to the 
application of powerful ultrasound radiation [57, 58]. This 
method is based on the cavitation phenomenon, which is 
the formation, growth, and implosive collapse of bubbles 
in a liquid medium [59, 60]. Ultrasonic cavitation leads to a 
significant change in morphology without affecting chemi-
cal composition [61], thus affecting the coercivity value of 
the nanomaterials. As stated above in the Introduction sec-
tion, sonoelectrodeposition is a technique that combines the 
advantages of both sonochemistry and electrodeposition. In 
the sonoelectrodeposition, a current is applied, and the cur-
rent density may affect the coercivity value of the sample. 
An example of the influence of the current density on the 
coercivity value can be found in [62] for CoPt nanoparti-
cles. In this work, among FexPd100-x samples investigated, 

the x = 60 composition shows the highest HC of 2.07 kOe. 
The decrease of HC at high temperatures (650, 700 °C) can 
be attributed to the reduction of the volume fraction of the 
ordered FePd phase (Table 1), as well as the decrease of the 
degree of atomic ordering in these nanoparticles [50–52]. 
The maximum value of HC observed in this work is com-
parable to the values obtained by other groups [7, 25, 28, 
29, 33]. Watanabe et al. [28] used the modified polyol pro-
cess to synthesize Fe49.2Pd50.8 nanoparticles. The authors 
showed that a HC value of 2.04 kOe at 5 K was obtained 
for the sample annealed at 600 °C for 1 h. We note that the 
Fe49.2Pd50.8 nanoparticles studied in [28] were annealed only 
at one temperature of 600 °C and no value of coercivity at 
room temperature was reported. Gajbhiye et al. [29] also 
used the modified polyol process to prepare Fe43Pd57 nano-
particles and annealed the samples at 450, 550 and 600 °C 
for 1 h. They reported HC values of 1.18 kOe and 1.3 kOe 
at 300 K for Fe43Pd57 samples annealed at 550 and 600 °C, 
respectively. According to Gajbhiye et al. [29], the enhanced 
coercivity of the sample annealed at 600 °C compared to that 
annealed at 550 °C is due to a better atomic ordering in the 
L10 phase. However, the annealing at 600 °C was noticed to 
cause severe agglomeration of FePd nanoparticles, which 

Fig. 3   A powder particle cluster in the as-prepared Fe60Pd40 as 
revealed by TEM. a TEM-BF image, b STEM-HAADF image, c Fe 
elemental map taken by EDS, d Pd elemental map obtained by EDS, 
e SAED pattern taken on the particle cluster. The diffractogram in f 

was obtained by integrating the intensity along concentric rings in the 
SAED in e and the reciprocal space variable was converted to Bragg 
angle using the same wavelength as applied in the XRD experiments 
(0.15418 nm) to obtain a pattern comparable with the XRD results
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is detrimental for technical applications. Hou et al. [25] 
prepared Fe48Pd52 nanoparticles by a chemical method and 
annealed them at 550, 600, and 700 °C for 30 min. They 
observed that the room-temperature coercivity of the sam-
ples increased with increasing annealing temperature, and 
it reached a maximum HC value of ~ 2 kOe for the sam-
ples annealed at 600 °C. Further increase of the annealing 

temperature was reported to decrease the coercivity, sug-
gesting the formation of a new soft phase, Fe3Pd, at higher 
temperatures. In the eutectic crystallization approach intro-
duced by Shao et al. [33], the authors applied the eutectic 
salt melt route, namely, a powder metallurgical method, 
which uses KCl-LiCl as a salt solvent to prepare FePd nano-
particles. This is a one-pot synthesis of hard magnetic FePd 

Fig. 4   A powder particle cluster 
in the Fe60Pd40 sample annealed 
at 550 °C. a TEM-BF image, 
b STEM-HAADF image, c Fe 
elemental map taken by EDS, 
d Pd elemental map obtained 
by EDS

Fig. 5   Powder particles with different compositions in the Fe60Pd40 sample annealed at 550 °C. a STEM-HAADF image, b Fe elemental map 
taken by EDS, c Pd elemental map obtained by EDS. The yellow arrow at the top-right corner of the HAADF image indicates a Pd-rich particle
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nanoparticles, which can avoid aggregation of nanoparticles 
caused by sintering. The authors obtained the optimum coer-
civity of 1.8 kOe but a rather low magnetization of 17 emu/g 
for the FePd nanoparticles of stoichiometry Fe:Pd = 1:1 [7, 
33]. Our observed maximum value of HC is also comparable 
to the values obtained for FePd thin films by Nguyen et al. 
[19] and Bahamida et al. [40]. Nguyen et al. [19] prepared 
off-stoichiometric FePd thin films deposited on MgO (001) 
substrates by magnetron sputtering. They reported the room-
temperature perpendicular coercivity values of 0.39 kOe and 
1.5 kOe in their films annealed at 700 °C for 1 and 10 h, 
respectively. Bahamida et al. [40] used the thermal evapo-
ration to grow the Fe56Pd44 thin film on a silicon substrate 

and annealed it at 550 °C for different times up to 2 h. They 
observed that the room-temperature coercivity increased 
with increasing annealing time, reaching a value of 157.1 
kA/m (1.97 kOe) after annealing for 1 h. It is noted that in 
[26] no value of coercivity for the sample annealed for 2 h 
was reported.

Fig. 6   Comparison of the low angle parts of the X-ray diffractograms 
taken on the Fe50Pd50 and Fe55Pd45 nanoparticles annealed at 700 °C

Fig. 7   Room-temperature magnetic hysteresis M(H) loops of Fe50Pd50 
nanoparticles annealed at different temperatures

Fig. 8   a Coercivity (HC), b squareness ratio (Mr/MS), and c intensity 
fraction of L10 phase versus annealing temperature for FexPd100-x 
(x = 50, 55, 60 and 63) nanoparticles measured at room temperature.
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It is worth noticing that when annealing CoPt and FePt 
thin films at 700 °C for up to 210 min and measuring the 
L10 ordered volume fraction (f0) and the coercivity (HC) as 
functions of anneal time using TEM and a SQUID mag-
netometer, respectively, Ristau et al. were able to establish a 
direct relationship between these two parameters [50]. They 
observed that HC increased in proportion to f0 until the sam-
ple was fully ordered. A similar trend was also observed 
by Toney et al. for FePt films [52], through a systematic 
study of the growth temperature dependence of f0 and HC. 
The origin of this dependence has been attributed to the 
strong dependence of the magnetocrystalline anisotropy on 
f0 and its chemical order (s0). Shih et al. reported that in 
addition to the HC(f0) dependence, the remanent magnetiza-
tion (Mr) to saturation magnetization (MS), Mr/MS, could 
also be used as a measure of chemical ordering degree of 
the L10 ordered phase (s0) for FePt films [51]. To further 
understand the annealing temperature dependence of HC for 
FexPd100-x nanoparticles (Fig. 8a), we have plotted Mr/MS as 
a function of annealing temperature (Tan) and displayed the 
result in Fig. 8b. It is interesting to observe that Mr/MS vs. 
Tan (Fig. 8b) follows a trend observed for the Tan depend-
ence of HC (Fig. 8a). The maximum values of HC and Mr/MS 
observed for Tan around 550–600 °C appear to correspond to 
the largest values of the volume fraction of the ordered FePd 
phase (L10 phase) achieved for those samples. This becomes 
clear when we assess in Fig. 8c the dependence of the vol-
ume fraction of the L10 phase on annealing temperature for 
FexPd100-x (x = 50, 55, 60 and 63) nanoparticles.

To establish the correlation between the volume fraction 
of the ordered FePd phase and the coercivity of the samples 
investigated, we present in Fig. 9 a plot of the coercivity as 
a function of the L10 phase fraction (taken from Table 1) for 
these nanoparticles. It is very interesting to mention that the 
correlation between the coercivity and the L10 ordered phase 
fraction becomes nearly linear at high volume fractions of 
the L10 ordered phase, which is similar to that observed for 
FePt and CoPt thin films [50]. As can be seen from Fig. 9, 
the coercivity remained low even if the L10 phase frac-
tion increased to 30%. It should be noted that the samples 
having L10 phase fraction lower than 30% are obtained in 
two ways. Some of them were annealed at low tempera-
tures (450 °C for all samples and 500 °C for x = 50 and 63). 
In these samples, there was no L10 phase, or its fraction 
was less than 35%. The other group of samples with low 
coercivity was obtained by annealing the nanoparticles at 
high temperatures (650 and 700 °C), and in these powders 
the L10 phase fraction was between 10 and 30%. The low 
coercivity can be caused by a reduced chemical order in 
this phase. The decrease of the chemical order in the L10 
phase at high temperatures has also been observed in [36]. 
A specific case is the Fe55Pd45 sample annealed at 600 °C. 
From both Table 1 and Fig. 8, one can see that this sample 

exhibits an abnormally large L10 ordered phase fraction as 
compared to the others while having a moderate value of HC. 
The reduced chemical order in the L10 phase may cause the 
lower coercivity compared to that predicted from the trend 
line in Fig. 9. A former study on a Fe52.3Pd47.6 thin film 
revealed that with increasing deposition temperature from 
400 to 500 °C, although the fraction of L10 phase slightly 
increased, the chemical order decreased simultaneously [36]. 
Due to the possible specific complexity of the structure in 
the Fe55Pd45 sample annealed at 600 °C, its point relating 
the coercivity and L10 ordered phase fraction is not incor-
porated in Fig. 9 for observing a general variation trend for 
all compositions. Finally, it is important to highlight that 
while previous studies failed to relate the magnetic coerciv-
ity to the L10 ordered FePd phase fraction in the FexPd100-x 
nanoparticle system due to the lack of a thorough analysis of 
phases created during synthesis or annealing, the combined 
TEM, STEM and magnetization data and analysis presented 
in this work have allowed us to establish, for the first time, 
this correlation, knowledge of which is the key to tailor-
ing the hard magnetic properties of FePd-based and related 
nanomaterials for applications in energy-conversion and 
information technologies.

4 � Conclusions

In summary, the FexPd100-x nanoparticles (x = 50, 55, 60, 
and 63) were prepared by sonoelectrodeposition and charac-
terized by the combination of magnetometry, XRD, STEM 
and EDS mapping. This synthesis method possesses some 
advantages (simple, efficient, low cost, and easy scale up) 
over other approaches [48, 63]. After annealing at tempera-
tures between 450 and 700 °C, the nanoparticles exhibit hard 

Fig. 9   Coercivity (HC) as a function of intensity fraction of L10 phase 
for FexPd100-x nanoparticles
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magnetic properties, which strongly depend on the chemi-
cal composition and the annealing temperature. The major 
phase in the as-prepared nanoparticles was a disordered 
fcc Pd(Fe) phase that transformed into a multi-phase mate-
rial containing a L10 ordered FePd phase upon annealing. 
We found that with increasing annealing temperature, the 
volume fraction of L10 phase first increased, resulting in 
a considerable enhancement of coercivity. The maximum 
coercivity was achieved at temperature between 550 and 
600 °C. For higher annealing temperatures, the volume frac-
tion of L10 phase decreased, thus reducing the coercivity. 
Moreover, the reduction of the chemical order in this phase 
likely caused an additional magnetic softening. Based on 
these important findings, the correlation between the mag-
netic coercivity and the L10 ordered FePd phase fraction has 
been established for the FexPd100-x nanosystem.
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