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Abstract

FePt nanoparticle systems with high magnetocrystaline anisotropy in L1y phase are proper candidates for
application in magnetic information storage with density more than Gbit/in’. FePt nanoparticles are grown by
Pt(acac), and FeCl,. 4H,0O compounds in phenyl ether solvent using weak reducing agent 1,2Hexadecandiol
(Cy6H3405) and strong reducing agent superhydride (LiBEtsH) in two steps. Structural and magnetic properties
of the nanocrystals are studied by XRD, EDS and VSM analysis. Also, the growth mechanism and the effect of
double-stage growth on size distribution and the size of FePt nanoparticles are determined. For this purpose,
TEM images and EDS results are used. The results show that such growth as “core-shell” leads to form 5-nm,

PACS: 75.50. Tt, 75. 75. +a, 75. 50. Ss

-

nearly monosized FePt nanoparticles, in which a relative standard deviation is decreased from 18% to 8%.
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Background

Magnetic nanoparticles can increase magnetic memory
density to higher than Gbit/in”. In this case, one of the
basic conditions have high coercive field (Hc), in the
Tesla order. It is necessary to make magnetic stability of
nanoparticles at room temperature and to overcome the
demagnetizing field. To get single-domain magnetic par-
ticles with high coercivity, first, metal particles FeCo [1],
and barium ferrite [2] in the size order of 0.1 um were pre-
pared. Magnetic anisotropy in single-domain particles is a
combination of magnetocrystalline-, shape- and induced
anisotropy [3]. In these particles, the magnetocrystalline
anisotropy is small.

The FePt nanoparticles [4] and thin films [5-7] have
been made in the last decade. If the nanoparticles are
annealed at temperatures above 600°C after a phase
transition from face-centered cubic (fcc) to L1, chem-
ical order face-centered tetragonal (fct) structure, the
coercivity increases to Tesla order [8,9]. The high co-
ercivity originating in the FePt nanoparticles after
heat treatment is due to the high magnetocrystalline
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anisotropy since Fe and Pt atoms are placed separately
in parallel lattice planes [10].

Chemical reduction methods for synthesis of Fe
and Pt compositions can lead to single-size FePt
nanoparticles [11-14]. Corresponding to the growth rate
curve [15], the final size of nanoparticles dependent on
monomer concentrations of Fe and Pt in the solvent,
and this is because of the reducing agent used and the type
of composition and concentration of the precursors. In
the present work, samples of Fe; ,Pt, nanoparticles are
grown with superhydride (LiBEt;H) and 1,2-hexadecandiol
in two steps, and their magnetic properties and structural
analysis are studied via X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDS) and vibrating sample
magnerometer (VSM). Also, by TEM images and EDS re-
sults, the size distribution of the nanoparticle is deter-
mined with discussion by the growth rate curve.

Experimental details

The compositions of Pt(acac), and FeCl,-4H,O with
1,2-hexadecandiol (C;6H340,) as a poor reducing agent
were solved in phenyl ether in nitrogen atmosphere,
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Scheme 1 Procedure of platinum salt reduction by 1,2-hexadecandiol.
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FeCl, + 2 Li(EskBH) ————» Fe + 2 LiCl + 2 BEt3 +H,

Scheme 2 Procedure of iron salt reduction by superhydride.
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Table 1 Composition of samples by EDS analysis

Sample Composition
‘a’ FeesPtss

b’ FeesPts,

'c Pt

'd’ Fe

and the temperature was raised to 100°C in 20 min.
Oleic acid and oleylamine were then added and the
temperature was raised to 200°C. In this temperature,
a strong reducing agent, superhydride (LiBEt;H), was
added to the solution which caused a rapid release of metal
atoms. After reflux, the system was returned to room
temperature.

Scheme 1 illustrates the major product of the platinum
salt reduction by 1,2-hexadecanediol [16] and Scheme 2
shows iron salt reduction by superhydride [17].

The concentration of sample ‘@’ was double compared
to that of sample ‘b’. For the preparation of samples ‘¢’
and ‘d, Pt(acac), and FeCl, were used, respectively
(Table 1).

Sample purification was done in four stages with cen-
trifuge 8,000 rpm for 10 min. Ethanol and hexane
solvents were used in different stages alternately. In
the first step, impurities were solved in ethanol and
nanoparticles precipitate. The impurities, included re-
sidual solvent phenyl ether, suspended solids included
BEt;, and salts which are combination of superhydride
Li" cation with ClI” or acac™ anions. Then, by adding
oleylamine and oleic acid, nanoparticles were suspended
in hexane as colloidal solution and after the centrifuge,
the remained impurities were deposited.
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By transmission electron microscopy (TEM) analysis,
with device characteristics (Philips EM 208 TEM (100
kV) 200kX, Amsterdam, The Netherlands), shape, size
and size distribution of nanoparticles have been deter-
mined. EDS analysis shows the composition of the
nanoparticles. Sample ‘@’ was annealed at 600°C for 4 h
under Ar (90%) + H, (10%) atmosphere. To distinguish
the phase transition after heat treatment, XRD analysis
with characteristics (Philips Cu-Ka radiation (A = 1.54
A)), and magnetic analysis with device characteristics
(model PAR-155), have been performed.

Results

Figure 1 shows the X-ray diffraction of sample ‘a’ as syn-
thesis and after heat treatment. The peaks in the figure
represent the L1, structure with chemical order. The
appearance of the (001) and (110) peaks in fcc structure
shows chemical order, and the splitting of the (200) and
(002) peaks show the fcc to fct structure transition with
a c/a < 1. In this phase, due to strong crystal anisotropy,
FePt nanoparticles become in a ferromagnetic phase
with high coercivity.

Figure 2 shows typical magnetic hysteresis loop after
annealing at 600°C under Ar (90%) + H, (10%) atmos-
phere, for 4 h. It is evident that coercivity reaches to 0.7
T, which affirms that magnetocrystalline anisotropy has
increased. This result is essential for the application of
magnetic memory.

Figure 3 shows the TEM images of samples ‘a) ‘b ‘c,
and ‘d’. The particles of each two samples ‘@’ and ‘b; are
of a single size and are separated. The particle diameter
of sample ‘@’ is approximately two times that of sample
‘b’ (Figure 3a,b). The platinum nanoparticles in sample
‘c do not have a single size (Figure 3c), but the nano-
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Figure 1 The X-ray diffraction for sample ‘a’ as synthesis and after heat treatment.
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Figure 2 Magnetic hysteresis loop of sample ‘a’ after thermal process.
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Figure 3 FePt, Pt, and Fe nanoparticles and Pt core and Fe shell structure after reflux. (ab), TEM images of FePt nanoparticles in two
different sizes (samples ‘a’ and ‘b’), (€) Pt nanoparticles with wide statistical size distribution (sample ‘c)), (d) Fe nanoparticles and (e) Pt core and
Fe shell structure in sample ‘a’ after reflux.
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Figure 4 Statistical size distribution curves for 100 random
particle of TEM image. a, b and ¢ correspond to samples ‘@', ‘b’
and ‘c/, respectively.
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particles of sample ‘d, which are formed by Fe mono-
mers, are almost of a single size and sit close to each
other because of the magnetic dipole interactions as
shown in Figure 3d. The oleic acid and oleylamine pre-
vent aggregation. Figure 3e shows sample ‘ay’ that is
extracted from sample ‘@’ before reflux. In this sample,
the core-shell structure is visible. We have shown
the ligand effect in separation and stabilization of
nanoparticles in [18].

The statistical size distribution diagrams of samples
are presented in Figure 4 except for sample ‘d’. The hex-
agonal shape of nanoparticles of sample ‘d’ and low sep-
aration between them caused increasing errors then this
curve was eliminated. The average diameter of FePt
nanoparticles are 5.5, 3 and 2.3 nm with their relative
standard deviation, 9%, 8% and 18%, respectively.

Discussion

The difference between the two samples ‘@’ and ‘b’ is in
the average diameter of nanoparticles. This is due to
the difference in the concentration of monomers in the
phenyl ether solvent. In the second stage of growth,
the high concentration leads to higher growth rate
and larger particle sizes. In the preparation of Fe
nanoparticles, FeCl, decomposes by superhydride. This
reducing agent is so strong that Fe concentration in-
creases rapidly, the smaller seeds grow faster and
single-size nanoparticles are created.

The size distribution controlling can be explained as
follows: the certain size (critical size, r.) that the crys-
tals with this size neither grow nor shrink then the
smaller nanoparticles are unstable and have negative
growth rate. The critical size depends on the monomer
concentration, with low monomer concentration favor-
ing a large r.. After adding a weak reducing agent, the
monomer concentration is low then the small nano-
particles are depleted as larger ones grow and size dis-
tribution broadens. After adding a strong reducing
agent the monomer concentration increases then the
critical size shifts to smaller value. In this situation, the
smaller nanoparticles grow faster than larger ones be-
cause of the geometric factor (increasing the radius of
large particles requires the incorporation of more
atoms than does increasing radius of smaller particles),
and as a result, the size distribution can be focused
down to one that is nearly monodisperse [15].

The standard deviation of sample ‘¢’ in size distribu-
tion of particles is more than the other three samples.
For explanation, one can say that in preparation of sam-
ple ‘c; where only platinum salt Pt(acac), is used by
C16H340, reducing agent, platinum atoms are gradually
released. The larger core grows faster because of the
low concentration of the Pt atoms. In consequence, Pt
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Figure 5 EDS elemental analysis for sample ‘b’.
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nanoparticles have different sizes and their statistical
distribution is wide (Figure 4c).

The growth mechanism of FePt nanoparticles can be
explained as follows: First, only the cores are formed by
Pt atoms, but iron salt is not reduced by the 1,2-
hexadecandiol poor reducing agent. We have been
explained that this object in EDS and SEM analysis re-
sults in [19]. Then, the reduction accrues immediately
after adding superhydride and Fe concentration in the
solution rises rapidly. So, suddenly, the critical radius
(r.) reduces in size that almost all of Pt cores which
were constructed by the reducing agent C;6H340, have
larger diameter than r. [15,19]. Therefore, all seeds con-
tinue to grow by Fe shells (Figure 3e), but this growth
rate is lower for larger particles. Then, the FePt particles
are formed in a single size (Figure 3a).

Figure 5 shows the EDS pattern of sample ‘b’. The
compositions according to the EDS results are ob-
served in Table 1. From Figure 3e and the EDS results
of sample ‘ay, one can conclude that the core is com-
posed of Pt and the shell is composed of Fe atoms with
lower density.

Conclusions

The Fe, Pt and FePt, nanoparticles are prepared in two
stages by the reduction in the presence of two reducing
agents: The nucleation stage of nanoparticles by Pt
atoms, and shell growth stage with Fe atoms separated
by two strong and weak reducing agents. This leads to
form single-sized FePt nanoparticles. High concentration
of metal ions in shell growth stage increases particle di-
ameters. The size distribution on results of the Fe, Pt

and FePt nanoparticles are discussed by growth rate
curve via nanoparticle size. The typical sample average
particle diameter is 3 nm with relative standard devi-
ation of 8%.
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