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Abstract FePt nanoparticles suspension was synthesized by reduction of platinum acetylacetonate and decomposition of iron

pentacarbonyl in the presence of oleic acid and oleyl amine. FePt nanoparticles were coated on a substrate by convective

assembly from the suspension. To prevent the coalescence during the annealing of FePt nanoparticles double convective coatings

were tried. First convective coating was for silica particle assembly on a silicon substrate and second one was for FePt

nanoparticles on the previously coated silica layers. It was observed by scanning electron microscopy (SEM) that FePt

nanoparticles were dispersed on the silica particle surface. After annealing at 700ºC for 30 minutes under nitrogen atmosphere,

FePt nanoparticles on silica particles were maintained in a dispersed state with slight increase of particle size. On the contrary,

FePt nanoparticles that were directly coated on silicon substrate showed severe particle growth after annealing due to the close-

packing of nanoparticles during assembly. The size variation during annealing was also verified by X-ray diffractometer (XRD).

It was suggested that pre-coating, which offered solvent flux oppose to the capillary force between FePt nanoparticles, was an

effective method to prevent coalescence of nano-sized particles under high temperature annealing.
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1. Introduction

Recently nanoparticle self-assembly techniques such as

sedimentation, membrane filtration, emulsion crystallization,

Langmuir-Blodgett film growth, spin coat, and dip coat are

getting consequences. The nanoparticles dispersed in liquid

have importance because they can be incorporated into two

or three-dimensional structures using such self-assembly

techniques as far as the particle size distributions are uniform.

Since FePt nanoparticles of 3-10 nm sizes have been

synthesized from liquid state,1) FePt suspension was used to

produce self-assembled films on Si or carbon-coated grid to

study the magnetic properties for recording media.1-3) Most of

the studies on the FePt self-assembly adopt sedimentation

or dip coat that require long time. On the contrary

convective coating of nanoparticles, where suspension is

confined between two solid surfaces by capillary force and

the deposition of nanoparticles is done by convection and

evaporation of the solvent, requires minimal amount of

solvent and is done in a relatively short time.4) Dip coating

is also a kind of convective assembly, but it needs a large

amount of suspension and takes long time.

FePt nanoparticles are known to have chemically

ordered face-centered tetragonal (fct) structure or disorder-

ed face-centered cubic (fcc) structure.5) The fully ordered

fct-FePt with almost equal number of Fe and Pt atoms is

one of the best hard magnetic materials, but the fcc-FePt is

a soft magnetic material with small coercivity. In fct-

structure, the alternating atomic layers of Fe and Pt along

the [001] direction and strong interaction between Fe and

Pt give as high as 107 Jm−3 of anisotropic constant, K.6)

FePt nanoparticle films have been studied intensively for

the purpose of extremely high-density magnetic recording

media applications.7-9) FePt nanoparticles that were syn-

thesized from liquid state have fcc structure, and need to

be annealed for the phase transition into fct structure.

Complete phase transition requires annealing temperature

higher than 580oC.10) Convective self-assembly results in the

close packing of the particles because of the capillary force

reacting between particles, and annealing inevitably leads to

coagulation or sintering. Severe particle coalescence and

large displacement of the nanoparticles can occur above

550oC. Large aggregates with broad size distribution are

not desirable for the high-density recording media applica-

tions. To prevent the particle coalescence, FePt nanoparticles

have been buried in insulator matrices during vacuum

deposition,11) or synthesized from vapor phase.12) However,

the control of the particle size during annealing is still

difficult, and the development of nano-structures is a great

task because it is difficult to disperse vapor-phase syn-

thesized nanoparticles into liquid media. 
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In this manuscript FePt nanoparticles coating onto a

certain surface that has rough morphology was tried to

prevent close packing of particles. The layer prior to FePt

coating should also be prepared easily. Therefore silica

nanoparticles were coated on silicon substrate at first by

convective assembly, and subsequently FePt nanoparticles

were coated on the surface of the silica particle layer. By

double convective assembly it was possible to put FePt

nanoparticles in a dispersed state and to prevent severe

particle coalescence during annealing. 

2. Experimental Procedure

FePt nanoparticles were synthesized by thermal decom-

position of iron pentacarbonyl, Fe(CO)5, and reduction of

platinum acetylacetonate, Pt(acac)2, as was firstly proposed

by Sun et al..1,13) The detailed procedures are as follows.

Pt(acac)2 (0.499 mg, 1.27 mmol) and 1-dodecanediol (0.771

mg, 3.81 mmol) were dissolved in trioctylamine (50 ml) at

100oC in a reaction flask with a gentle flow of Ar to

remove oxygen. Oleic acid (0.400 ml) and oleylamine

(0.425 ml) were added for stabilization after raising the

temperature to 260oC. Fe(CO)5 (0.333 ml, 2.53 mmol) was

then added while stirring the solution vigorously. The

refluxing was maintained for 1 hour under Ar atmosphere.

The reaction mixture allowed cool to room temperature.

The solid content of the FePt suspension was ca. 1 wt%. The

size and chemical composition of the synthesized FePt

nanoparticles were verified by transmission electron micro-

scopy (TEM; JEOL Ltd., JEM-2010). Trioctylamine is not

appropriate for convective self-assembly because of its high

boiling point and low vapor pressure at room temperature.

We precipitated FePt nanoparticles by washing FePt sus-

pension with acetone and centrifuging for repeated times,

and replaced trioctylamine by n-hexane and 4-methyl-2-

pentanone. The silica suspension for the prior coating

material was purchased from Siamat Inc. The particle size

of the as-received suspension ranged form 20 to 70 nm with

the solid content of ca. 40 wt%. The suspension diluted to

20 wt% by adding de-ionized (DI) water was used for silica

particle coating.

The implementation of the convective self-assembly

process used to deposit the particle coating is described

elsewhere.4,14) In a typical procedure, 30-35 µl of silica

suspension was injected into the wedge formed between

two 25 degrees inclined plates: bottom one was the silicon

substrate and the upper one was slide glass. The suspension

was entrapped in a meniscus between two plates by

capillary force. Silica nanoparticles were coated on the

substrate at ambient conditions by dragging the upper slide

glass with constant speed of 50 µm/s using syringe pump

(KD Scientific, KDS-100). The surfaces of silicon and slide

glass were cleaned before coating by immersing in highly

oxidizing solution (Godax Labs Inc., Nochromix) for

several hours followed by complete rinsing with DI water.

FePt nanoparticles were coated on the silica particle layer

or on the bare silicon substrate with the coating speed of

20 µm/s by the same procedure as the silica particle

coating. Then the coated silicon wafer was heated at 700oC

for 30 min using microwave electric furnace (Unicera,

SUX-2) under a flow of nitrogen gas. The heating rate was

70oC per min.

The size and morphology of the coated particles were

observed by SEM (FEI, Nova-SEM 200), and optical

microscopy (Olympus, GX51). To prevent the size en-

largement of the FePt nanoparticles during observation of

SEM no conductive materials such as platinum or carbon

were coated. XRD patterns were obtained by X-ray

diffractometer (PANalytical, X'Pert Pro-MPD) using Cu

Kα radiation (λ = 0.15425 nm) at the incident angle of

0.25o, acceleration voltage of 40 kV, and current of 25 mA.

3. Results and Discussion

Convective self-assembly is governed by solvent evap-

oration from a thin suspension layer wetting a substrate. A

simple volumetric flux balance shows that the rate of

particle assembly in the coating depends on the particle

concentration of the suspension, the size of the particles, and

the rate of solvent evaporation.15) Thickness of the coating is

inversely proportional to the deposition speed. There exists

an optimum speed that sustains close-packed monolayer of

nanoparticles. Exceeding the monolayer assembly speed

results in incompletely filled ‘submonolayer’ coating.

Because nanoparticles in the drying region are attracted to

each other by capillary bridging force the coatings consist

Fig. 1. TEM image of Fe61Pt39 nanoparticles. 
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of stripes at the right angle to the coating direction.4)

Fig. 1 shows the bright field TEM image of the as-

synthesized FePt nanoparticles. From the image the average

diameter of the FePt particle was ca. 4 nm, and the

chemical composition was analyzed as Fe61Pt39 by energy

dispersive spectroscopy. Using the FePt suspension FePt

nanoparticles were coated on silicon substrate at the

speed of 20 µm/s, and optical image of the coating was

shown in Fig. 2a. Striped structures are observed because

the deposition speed is too fast to form a monolayer.

Further decrease of the coating speed increases substrate

coverage as the stripes are interconnected. However, at a

low deposition speed nanoparticles are close-packed and

particle coalescence during annealing occurs. Therefore it

is necessary to prepare a surface that weakens capillary

force between FePt nanoparticles. Silica nanoparticles

were convectively assembled on silicon substrate at a

speed of full surface coverage. Then FePt nanoparticles

were assembled at the ‘submonolayer’ coating speed as

before. As shown in Fig. 2b no stripes are observed. This

implies that FePt nanoparticles are dispersed and does not

form close-packed structure on the silica surfaces regard-

less of the bridging forces between particles. Fig. 3 shows

the SEM image of the FePt nanoparticles assembled on

silica particles. It is seen that FePt nanoparticles are

deposited in a dispersed state on the surface of the silica

layer.

When the convective coating is done, submicroscopic

thin liquid film is formed between nanoparticles and the

substrate. The material fluxes are the entering flux of the

solvent accompanying particle flux, the evaporation flux

of the solvent at the drying region, and the accumulation

of the particles at the dried region.15) Evaporation rate and

forces between particle-to-particle or particle-to-substrate

are not constant over the drying region, and they are the

functions of the curvature of the liquid meniscus.16) It is

expected that the material flux of FePt nanoparticles is

different from that of silica nanoparticles because the

curvatures of the meniscuses are different from each other.

Silica nanoparticles are convectively assembled on a flat

silicon substrate. In contrast FePt nanoparticles are

assembled on round surfaces of silica nanoparticles. More

importantly when the suspension is put on the silica layer

a flux other than the above-mentioned ones acts on the

FePt particles. That is, the voids between silica particles

offer paths for the liquids, and the flux of solvent acting

on the FePt nanoparticles is generated. These may have

Fig. 2. Optical images of FePt nanoparticles coatings on silicon

substrate (a) and on pre-coated silica nanoparticles (b). Stripes at the

right angle to the vertical deposition direction are observed in (a). The

deposition speeds of FePt and silica nanoparticles are 20 µm/s and

50 µm/s, respectively. Silica nanoparticles were coated to fully cover

the substrate surface, and FePt nanoparticles were coated as

incompletely filled ‘submonolayer’. Though the deposition speed of

silica particles is faster than that of FePt particles, silica particles form

thicker layer because of the high solid contents of the suspension. 

Fig. 3. SEM image of FePt nanoparticles coated on silica

nanoparticles layer. 
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great impact on the particle packing at the drying region

considering the non-uniform evaporation rate even on the

flat surface, and consequently capillary forces between

FePt nanoparticles are distracted. 

Fig. 4 shows the SEM image of the FePt nanoparticles on

silica layer after annealing at 700oC for 30 min. The size of

the FePt nanoparticles has increased to ca. 6 nm. The two

images were taken at a different focusing depth. From Fig.

4b, it is clear that FePt nanoparticles are not interconnected.

It is also noted that FePt nanoparticles reside on the

topmost surface of silica particles as well as on the gap

between particles. However, when FePt nanoparticles are

assembled on bare silicon substrate and annealed, they are

coalesced to large particles (0.8~1.0 µm) as shown in Fig.

5. XRD patterns of convectively assembled FePt nan-

oparticles coatings are shown in Fig. 6. FePt nanoparticles

show no diffracted peaks before annealing (Fig. 6a). When

FePt nanoparticles on silica surfaces are annealed diffraction

peak form (111) surface and small traces of (200), (220)

and (311) peaks appear (Fig. 6b). On the contrary, it is seen

that the intensity of diffracted peaks from FePt nanoparticles

coated on silicon substrate is much larger than that from

FePt nanoparticles on silica surfaces (Fig. 6c). This resulted

from the particle coalescence during annealing. Although

Fe61Pt39 deviates from ideal high-anisotropic constant com-

position, it is appropriate to show the usefulness of pre-

coated silica layers in the prevention of particle coalescence.

There are many studies to prevent particle coalescence

during annealing. For example, FePt(core)/oxide(shell)

structures have been introduced.17-20) Oxides such as SiO2,

Fig. 4. (a) SEM image of FePt nanoparticles coating on silica

nanoparticles layer annealed at 700
o
C for 30 min under N2

atmosphere. (b) SEM image which shows the same surface as in (a)

and they are different each other only for the focusing depth. 

Fig. 5. Optical image of FePt nanoparticles coating on silicon sub-

strate annealed at 700oC for 30 min under N2 atmosphere.

Fig. 6. XRD patterns of as-coated FePt nanoparticles coating on silica

nanoparticles layer (a), FePt nanoparticles coating on silica

nanoparticles layer annealed at 700oC (b) and FePt nanoparticles

coating on silicon substrate without silica pre-coating annealed at

700
o
C (c).
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Fe2O3 and HfOx work as protective coating during an-

nealing. This approach requires many steps in the synthesis

of core/shell structure. Especially the suspension has to be

changed to water based solvent to grow oxides on the FePt

surface. Another approaches for particle coalescence pre-

vention are studies on the annealing of mixtures of FePt

nanoparticles and ground NaCl powders,21,22) and on linker

molecules.23) In this convective assembly study, procedures

of changing solvent with high vapor pressure liquid and

carrying out double convective coatings are sufficient to

prevent particle coalescence during annealing. Nanoparticles

can be dispersed directly on the substrate with little

modification from as-synthesized suspension and with

minimal amount of suspension, which means an effective

and simple process. This double convective coating method

may fulfill the need to prevent particle coalescence during

annealing that is necessary for the development of high

density magnetic recording media.

4. Conclusion
 

In this report a simple method that produces nanoparticles

coating in a dispersed state was described. Silica nan-

oparticles were convectively assembled to form a layer on

the silicon substrate surface, and FePt nanoparticles were

assembled afterwards on the silica particle layer. A pre-

coated rough layer that offered solvent path to weaken the

capillary force between nanoparticles played an important

role to prevent particle coalescence during high temperature

annealing. 
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