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High coercivity FePt L10 

nanoparticles were prepared by 

ball-milling in a solvent-free one 

pot synthesis at low temperature.  
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FePt alloy in the high magnetic anisotropy L10 phase is one of the most promising magnetic materials in many applications, including 

ultra high-density magneto recording. A new green chemical approach to synthesize magnetically hard L10 FePt nanoparticles is 

described in this paper by using crystalline saline complex hexaaquairon(II)hexachloroplatinate, [Fe(H2O)6]PtCl6 as the precursor. The 

crystal structure of this complex shows alternate layers of Fe and Pt atoms. After ball milling, annealing at 400 °C in reducing 10 

atmosphere leads to the direct formation of FePt nanoparticles in the highly ordered L10 phase. This method is a green synthesis due to 

the low temperature for phase transformation, and the absence of organic solvents or surfactants in the reaction. Indeed the milling step is 

performed using NaCl as media, which can be easily removed with water. By varying the precursor/NaCl ratio, particles with size in the 

range of 6.2 – 13.2 nm were obtained. With the decrease of particle size, the room temperature coercivity of FePt nanoparticles also 

decreased from 10.9 kOe to 4.7 kOe. 15 

 

Introduction 

Magnetic nanoparticles (NPs) have been attracting a great 

attention recently, due to their potential application in different 

fields such as data storage1, permanent magnetic 20 

nanocomposites2, 3 and biomedicine.4 Binary alloys, where the 

two metal atoms are chemically ordered in alternate planes within 

a face centered tetragonal (fct) structure, crystallize in the so-

called L10 phase. In L10 alloys, a tetragonal cell is formed 

whenever the two metals have atoms with very dissimilar 25 

dimension. Magnetically hard L10 alloys are formed from the 

combination of big atoms, such as Pt or Pd, and smaller 

ferromagnetic atoms, such as Fe or Co. Due to the spin-orbit 

coupling between the alternate planes, a very high 

magnetocrystalline anisotropy is generated; for this reason such 30 

materials have a huge importance in magnetic applications. In 

particular, in recent years, L10 FePt nanoparticles have been 

considered as one of the most promising candidates for future 

magnetic recording media with areal density larger than 1 Tbit/in2 

due to the large magnetic anisotropy energy of 7×107 erg/cc5 6 35 

(which allows stable ferromagnetic particles with size as small as 

2.8 nm), their resistance to oxidization and their stability at room 

temperature.7 

Currently, there are two major methods for preparation of high 

quality L10 FePt phase. One method consists in depositing FePt 40 

films through physical vapour deposition (PVD) techniques such 

as sputtering. Usually, in order to favour the epitaxial growth of 

FePt films, substrates such as MgO (001), with a well-defined 

crystallographic orientation, are used.7-9 In this case, an island 

growth is usually observed with island sizes as large as 50-100 45 

nm, which is certainly undesirable for high density magnetic 

recording. Moreover, to get the L10 structure, very high substrate 

temperatures up to 800 °C are used, and this is detrimental for the 

environment, since the process is energy consuming. Another 

method, widely reported in the literature, is the chemical 50 

synthesis of FePt nanoparticles based on the reduction of mixed 

metal salts (Fe(CO)5 and Pt(acac)2) in the presence of a long 

chain carboxylic acid and primary amines in organic solvents, as 

first published by Sun et al.10 To obtain nanoparticles, organic 

solvents and surfactants are used. Considering also the presence 55 

of the harmful and hazardous compound Fe(CO)5, this synthesis 

is not environmentally friendly. Furthermore, the as-made FePt 

NPs are in the fcc phase and more energy (annealing at 

temperature higher than 650°C) is needed for the phase 

transformation from the fcc to the fct L10 phase, which usually 60 

introduces agglomeration and sintering of the particles.11-13 For 

this reason, many attempts have been made in order to decrease 

the annealing temperature required for the phase transformation. 

Nakaya et al.14 reported a phase transformation temperature of 

300°C, but a strongly reducing atmosphere, such as pure H2, was 65 

used. Another method reported the usage of metals as catalysts 

for the fcc-fct transformation.15 Other new chemical routes for 

direct synthesis of L10 FePt NPs have been recently proposed16, 

17, but the fraction of the ordered phase obtained is usually 

small.18.  70 

In our previous letter19, we reported a direct chemical synthesis of 

FePt NPs in L10 phase. In the present work, we report a new 

environmentally friendly approach for the direct synthesis of FePt 

NPs, starting from the same polycrystalline molecular compound 

[Fe(H2O)6]PtCl6, where Fe and Pt atoms are arranged on 75 

alternating planes resembling the chemical order they have in the 

fct L10 structure. In this green synthesis method, unlike the 

previously reported method, no organic solvents are used but only 
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FeCl2 and H2PtCl6(H2O) in stoichiometric amounts to fabricate 

precursors, environmentally friendly and low cost NaCl to mill 

and water to wash. Furthermore, also in this case the phase 

transformation temperature to obtain a highly ordered, 

magnetically hard phase was reduced by about 250 °C as 5 

compared to the annealing needed in the Sun’s synthesis 

procedure.  

 

Experimental 

Synthesis of [Fe(H2O)6]PtCl6 10 

All reagents were purchased from Aldrich. To synthesize the 

starting polycrystalline complex [Fe(H2O)6]PtCl6, a 0.5 M 

solution containing equal atomic concentration of H2PtCl6·6H2O 

and FeCl2·H2O was prepared using distilled water. The acidity of 

the solution of H2PtCl6·6H2O (pH = 1) prevented the Fe2+ to Fe3+ 15 

oxidation. The reaction begun immediately after mixing the 

reactants, with the production of HCl gas, as proved by the white 

AgCl precipitate obtained when the vapour was reacted with an 

AgNO3 solution. After a slow evaporation of the solvent at room 

temperature a yellow precipitate of hexagonal crystals was 20 

collected. The only safe way to increase the reaction velocity was 

to remove the vapour by a nitrogen flow or to work under 

vacuum conditions (10-3 mbar). Since both H2PtCl6·6H2O and 

Fe(H2O)6PtCl6 are thermo labile compounds, the temperature was 

kept under 50°C to avoid the reduction of Pt. The hexagonal 25 

crystals of [Fe(H2O)6]PtCl6 were then purified by recrystallization 

in ethyl alcohol. 

  

Synthesis of L10 FePt NPs 

The precursor Fe(H2O)6PtCl6 was mixed with NaCl in different 30 

proportion (50mg/20g, 25mg/20g, 10mg/20g) and milled in a 

planetary milling using a jar (50 mm diameter; 50 mm height) 

with 6 ZrO balls (10 mm diameter) for 5 h at 250 rpm. After 

milling, a uniform light-yellow mixture containing NaCl and 

isolated nanocrystals of the precursor was obtained. Then, the 35 

powder was heated (heating rate = 5 K/min) up to 400 °C in a 

horizontal furnace under a reducing atmosphere of 0.1 L/min 

flow of 5% H2 and 95% Ar. Then the samples were kept at the 

final temperature for 2 h. The following reduction reaction takes 

place: 40 

 

[Fe(H2O)6]PtCl6 + 3H2  →  FePt(L10) + 6H2O + 6HCl. 

 

After cooling down, a pale-grey powder was collected, and 

washed with water. The L10 FePt NPs were collected by 45 

magnetic separation using a magnetic field generated by an 

electromagnet, until the test on the washing water with AgNO3, 
very sensitive to the presence of Cl─, became negative. The 

theoretical mass yield of our method is 43% (after elimination of 

H2O and Cl from the precursor). Actually, we observed a yield of 50 

35%, due to the loss of material during the washing step.  

 

Characterization 

The FePt particle size and size distribution were determined by 

transmission electron microscopy (TEM) (JEOL JEM-2010) with 55 

a voltage of 200 keV. The crystal structure was determined by 

both selected area electron diffraction (SEAD) and X-ray 

diffraction (XRD) patterns (Ultima IV with Cu Kα radiation) 

using a conventional θ-2θ 

plan60 

 

using a conventional θ-2θ plane reflection geometry. Magnetic 

properties were measured by a Versa Lab vibrating sample 

magnetometer (VSM) (Quantum Design) 

 65 

Results and discussion 

In our previous letter19, we proved that the chemical reduction of 

a layered precursor such as [Fe(H2O)6]PtCl6 brings to a highly 

ordered L10 FePt phase. Single crystals of [Fe(H2O)6]PtCl6, 

characterized by a perfect hexagonal shape, were obtained by re-70 

crystallization of the crude product (see experimental section for 

the synthesis). The crystal structure of [Fe(H2O)6]PtCl6 has been 

reported.20 A view of the crystal packing is shown in Fig.1, 

representing octahedral [PtCl6]
2- and [Fe(H2O)6]

2+ ions linked 

together through a network of hydrogen bonds. 75 

Two different sets of alternating Fe and Pt atomic planes can be 

distinguished along the [001] and [011] directions, respectively. 

By reducing at 400 °C, the FePt alloy is obtained in the L10 

phase.  

As reported in the literature, the annealing temperature for 80 

initiating the fcc to fct transition in a bulk FePt system is about 

800-850 °C, and it can be decreased to around 650°C in 

nanoparticles prepared by chemical route.11-13 In sputtered FePt 

films a transition at lower temperature (T = 500°C) was 

observed.21 Nakaya et al.14  reported that the use of pure H2 85 

Figure 1. (a) Octahedral ions of Fe and Pt, (b) crystal structure of 

Fe(H2O)6PtCl6 where alternate planes of Fe and Pt are visible. 
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Figure 3. θ-2θ XRD pattern of FePt NPs with different 

precursor/NaCl ratio 

during the annealing treatment leads to a decrease of the 

transformation temperature to 300°C, attributing this result to the 

higher mobility of Fe and Pt atoms due to hydrogen diffusion in 

interstitial sites. A more remarkable temperature reduction (down 

to 275°C) was observed in FePt epitaxial films obtained by the 5 

alternate layer growth of Fe and Pt.22 In both films and 

nanoparticles the starting alloy completes the phase 

transformation in a temperature range and a well-defined 

transition temperature is hardly identified. The presence of 

random starting configurations in particle systems and different 10 

degrees of order achieved in the different preparation processes 

can explain the spread of transition temperatures reported in the 

literature. Indeed, it is generally agreed that a higher percentage 

of chemically ordered Pt and Fe atoms in the starting material is 

associated with a decrease of the phase transformation 15 

temperature.23 Song and co-workers published a work about the 

utilization of a single organometallic compound (CO)3Fe(-

Ph2PCH2PPh2)(-CO)PtCl2 containing iron and platinum atoms 

inside the same molecule.24 After reduction and annealing at 550 

°C partially ordered FePt NPs were observed. On the contrary, we 20 

successfully obtained the fct FePt NPs at an annealing 

temperature as low at 400 °C due to the ordered starting 

precursor. From a thermodynamic point of view, in our synthesis 

an energetically favoured starting point for the transformation to 

the tetragonal phase is present. Fig 2 shows a qualitative 25 

thermodynamic diagram for the fcc/fct phase transformation for 

both amorphous and ordered crystalline precursors. In the case of 

an amorphous precursor (Fig. 2 a) a low energy is needed for the 

salt reduction (the reduction easily happens in solution, as in the 

Sun’s synthesis).10 This step brings to the crystalline but 30 

chemically disordered fcc phase. However, a much higher energy 

(proportional to the decrease of the entropy S) is required to 

induce the disorder-order transition where the atoms re-arrange 

by diffusion onto alternate single metal layers. When using a 

crystalline layered precursor, the energy balance for the reaction 35 

is more favourable, the entropic contribution is minimized (see 

Fig 2b) and less energy is required for Fe and Pt reduction (the 

reduction in this case occurring in the solid/gas interaction). 

Thermal analysis (TGA-DTA) and structural data of the starting 

salt have been reported in our previous works.19-20 40 

 

 

The main difference of the synthesis proposed in this paper 

compared to the synthesis already discussed19 is the type of 

additive used in the ball milling step. In the previous synthesis the 45 

intermediate products were FePt NPs mixed with silica oxide, 

which had to be eliminated using HF, and therefore, the 

procedure could not be considered environmentally friendly. In 

the present synthesis method we replaced SiO2 microparticles by 

NaCl.  50 

NaCl was chosen because its crystals are hard enough to break 

the crystals of the starting salt without destroying the crystalline 

structure. Moreover, after heating and cooling procedures in 

reducing atmosphere, NaCl can be easily removed using 

deionized water and the L10 FePt nanoparticles can be collected. 55 

To investigate the influence of different precursor/NaCl ratio, one 

set of FePt NPs was fabricated as listed in the summary table, 

where structural and magnetic properties are reported. 

 

Label S50 S25 S10 

Precursor/NaCl ratio 50mg/20g 25mg/20g 10mg/20g 

Ms at RT (emu/g) 35.4 20.6 14.7 

Hc at RT(kOe) 10.9 5.2 4.7 

Mr/Ms at RT 0.67 0.59 0.56 

Average Size (nm) 13.2 12.1 6.2 

Size Standard 

Deviation (nm) 
5.6 4.6 2.6 

 60 

The XRD patterns reported in Fig 3 show the presence of the 

peaks characteristic of the L10 phase. For sample S50, the 

characteristic (001), (110), (201) and (112) peaks were easily 

observed and also the split of peaks (002) and (200), (220) and 

(202). Both S25 and S10 samples show broader diffraction peaks, 65 

probably due to the presence of very small particles. However, 

the broadening of (200) and (220) reflections can be also 

attributed to the presence of the L10 phase. 

Figure 2. Qualitative thermodynamic reaction paths in the case 

of amorphous or crystalline precursors. 
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Figure 4. (a1) bright-field image of sample S50 (a2) high resolution image of sample S50 (a3) size distribution of sample S50 (a4) 

diffraction pattern of S50 (b1) bright-field image of sample S25 (b2) high resolution image of sample S25 (b3) size distribution of sample 

S25 (b4) diffraction pattern of S25 (c1) bright-field image of sample S10 (c2) high resolution image of sample S10 (c3) size distribution of 

sample S10 (c4) diffraction pattern of sample S10. 
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The degree of chemical ordering of FePt NPs can be quantified y 

the long-range ordering parameter S, which can be calculated by 

the following formula: 

S � ����������	 �

�

�	

� � � � � ���� � � � ����
�� ≅ 0.85 ���������	

�� 							1� 

where ���� is the integrated intensity, F the structure factor, L the 

Lorentz polarization factor, A the absorption factor, D the 5 

temperature factor, and the subscripts f and s refer to the 

fundamental and superlattice peaks respectively.25 According to 

formula (1), the ordering parameter for sample S50 is 0.75, which 

is high for chemically synthesized FePt NPs. For sample S25 and 

S10, the ordering parameter is 0.75 and 0.53. 10 

The TEM images of FePt NPs are shown in Fig. 4. For the 

sample S50 the bright-field images show a size distribution (see 

Fig. 4a1) in the range 5 - 35 nm (Fig. 5a3). All the observed NPs 

are single crystals as shown from the high-resolution TEM 

(HRTEM) images in Fig. 4a2. Some coalescence is present, 15 

indicating that the concentration of [Fe(H2O)6]PtCl6 in NaCl was 

too high for this sample to ensure a good separation of the 

nanocrystals precursor. The (100) and (110)) characteristic 

superlattice rings in the SAED pattern (Fig. 4a4) confirmed that 

the FePt NPs have the fct structure. By decreasing the content of 20 

the precursor (sample S25) (Fig 4b1) a narrower size distribution 

(5-23 nm) was obtained (Fig 4b3). Actually, the majority of the 

NPs have a size in the range 5-15 nm and only a few NPs larger 

than 20 nm were observed. A certain degree of coalescence was 

also observed (Fig. 4b1). In this sample, the nanoparticles are also 25 

single crystals (Fig. 4b2, 4b4) and with the fct structure. Better 

results were achieved in sample S10. In Fig 4c1 we can see well-

separated NPs in the range 3-6 nm with only few NPs out of it. In 

this sample we did not observe coalescence phenomena, the NPs 

remaining always well separated. The HRTEM images (Fig. 4c2) 30 

always confirm the presence of single crystal NPs and SAED 

pattern (Fig. 4c4) together with XRD (Fig. 3S10) confirmed the fct 

structure. The Standard deviation of size distributions is reported, 

for convenience, in the summary table. 

Fig. 5 shows the magnetization data for the three samples. The 35 

magnetization curves at 30 kOe (maximum field used) are far 

from saturation because of the large magnetocrystalline 

anisotropy of the fct phase and the randomness of the particles. 

The highest coercivity is obtained in the particles with the largest 

average grain size (13.2 nm). As expected, the coercive field 40 

increases at lower temperature, from 10.9 kOe (RT) to 15.7 kOe 

(50 K) for sample S50 (Fig.5a), from 4.7 kOe (RT) to 4.8 kOe 

(50K) for sample S10 (Fig. 5c), with the largest variation from 

5.2 kOe (RT) to 10.3 kOe (50 K) observed in sample S25 (Fig. 

5b). The shape of the hysteresis loops and the value of coercivity 45 

suggest the presence of two contributions to the magnetization 

curves. The variation of Hc with the decrease of dimension in a 

magnetic nanoparticle system is well understood. Going from the 

multidomain regime  (bigger particles) toward smaller particles, 

the coercivity first increases to a maximum, at the single domain 50 

region, and then decreases with size reduction because of thermal 

effects. Below a critical size, different for each material, the 

coercivity becomes zero and the system enters the so-called 

superparamagnetic state, where thermal effects are predominant 

making the magnetization unstable. For L10 FePt nanoparticles 55 

Figure 5. Hysteresis loops of the samples (a)S50, (b) S25 and (c) 

S10 at room temperature and T = 50 K 

Page 6 of 7Green Chemistry

G
re

en
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

the superparamagnetic limit at room temperature (RT) is 2.8 nm, 

then, we can argue that in our nanoparticle systems both 

contributions, coming from single domain ferromagnetic NPs and 

superparamagnetic NPs with size below 2.8 nm, are present. The 

decrease of coercivity observed going from sample S50 to sample 5 

S10 can be explained by the particle size reduction below the 

single domain region. Moreover, the shape of the magnetization 

curves can be explained by two contributions, one coming from 

the bigger hard NPs with size > 2.8 nm and the other one from 

soft, superparamagnetic NPs with diameter smaller than 2.8 nm. 10 

Indeed, sample S10 shows the highest percentage of smaller 

nanoparticles with respect to the other two samples. The 

increasing contribution from soft superparamagnetic 

nanoparticles in this sample is also confirmed by the loops 

measured at different temperatures, where a very small difference 15 

of coercivity from RT and 50 K is observed. 

Conclusions 

In this work, the authors describe a green synthesis of FePt NPs 

with the L10 structure. To the best of our knowledge this is the 

first time that magnetically hard NPs are synthesized using only 20 

environmentally friendly chemical products like water and 

sodium chloride. By planetary ball milling of the [Fe(H2O)6]PtCl6 

precursor and NaCl and subsequent annealing at 400 °C (250 °C 

less than the typical temperature) in reducing atmosphere, we 

obtained FePt L10 NPs with selected size as a function of 25 

[Fe(H2O)6]PtCl6 / NaCl ratio. By varying this ratio, we were able 

to avoid the coalescence phenomena and obtain single crystal 

NPs with size around 6 nm. This method in principle could be 

used, starting from other bimetallic salts, to carry out 

environmentally friendly synthesis of many other bimetallic 30 

chemically ordered alloys as AuCu, CoPt, etc. applicable in fields 

as magnetism and catalysis. 
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