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Preparation of magnetic nanoparticles by pulsed plasma chemical vapor synthesis
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Abstract

FePt nanoparticle is expected as a candidate for the magnetic material of the high density recording media.
We attempted to synthesize FePt alloy nanoparticles using 13.56 MHz glow discharge plasma with the
pulse operation of a square-wave on/off cycle of plasma discharge to control the size of nanoparticles.
Vapors of metal organics, Biscyclopentadienyl iron (ferrocene) for Fe and (Methylcyclopentadienyl)
trimethyl platinum for Pt, were introduced into the capacitively coupled flow-through plasma chamber,
which consisted of shower head RF electrode and grounded mesh electrode. Synthesis experiments were
conducted at room temperature under the conditions of pressure 0.27 Pa, source gas concentration
0.005 Pa, gas residence time 0.5 s and plasma powers 60 watts. Pulse width for plasma duration was chosen
from 0.5 to 30 s and plasma off period was 4 s to each pulse operation. Visual observations during the
particle growth showed plasma emission in the bulk region was increased with the particle growth. These
were theoretically explained by using the model for both transient particle charging in the plasma and single
particle behavior in the stationary plasma as well as assuming the similarity between the negative charged
particle and negative gas containing plasma. Synthesized nanoparticles were directly collected onto TEM
grid, which was placed just below the grounded mesh electrode in the plasma reactor downstream. TEM
pictures showed two kinds of particles in size, one of which was nanometer size and isolated with crystal
structures and the other appeared agglomerate of nanometer size particles. The size of agglomerated
particle was controlled in the 10-120 nm range by varying the plasma-on time from 0.5 to 30 s, although
the nanometer size particles did not change. The composition of FePt alloy particles could be altered by
adjusting the source gas feed ratio. Also magnetization of FePt nanoparticles was measured by use of
SQUID (superconducting quantum interference device) magnetometry measurements. As-synthesized FePt
nanoparticles did not exhibit loop-shape characteristic, which indicated superpamagnetic property. An-
nealed nanoparticles with the composition of FesgPty, at 650°C in atmospheric hydrogen showed clear
hysterisis loop with the coercivity as large as 10 KOe.

Nomenclature
d, particle diameter [m] e unit charge [C]
D, diffusion coefficient for electron [m?/s] F force [N]

Dy diffusion coefficient for ion [m?/s] Hc coercivity [Oe]
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K, Knudsen number [-]

k Boltzman constant [J/K]

m; ion mass [kg]

N number concentration of electron [1/
m’]

ny number concentration of ion [1/m?]

np ngmber concentration of particle [1/
m’]

Op particle surface potential [V]

Se source term for elelctron [1/m? s]

S source term for ion [1/m? s]

T, electron temperature [K]

Ti ion temperature [K]

vy gas velocity [m/s]

subscript i ion velocity [m/s]

Introduction

Many attentions have been focused on nanopar-
ticles, since the nanoparticles are greatly expected
as novel materials for various devices, such as
memory, battery, display and so on (Alivisatos,
1997; Bawendi, 1998; Kruis et al., 1998; Williams
et al., 2000). Among them, nanoparticle usage for
magnetic media is thought to be one of the most
promising applications for nanoparticle technol-
ogy. Recently IBM group presented the possibility
of chemically synthesized nanoparticle for Terabit
scale high-density magnetic storage media, where
they showed chemically synthesized FePt nano-
particle has large coercivity compared to conven-
tional cobalt alloys magnetic materials (Sun et al.,
2000). Although liquid phase chemical synthesis is
suitable for precise control for particle size, prac-
tically there have been several issues, such as the
difficulty to obtain the highly pure and surfactant
free particle, the scale-up problem for continuous
operation and the process connectivity to existing
dry process for thin film device making.

On the contrary to the liquid phase chemical
synthesis technique, gas phase process, such as
chemical vapor synthesis similar to Chemical
Vapor Deposition (CVD), is very advantageous
for contamination control of highly pure materials
and for process connectivity to thin film devices,
since CVD is widely recognized as one of the most
important technologies in the LSI industry. There
are several attempts to synthesize nanoparticles by
chemical vapor synthesis (Komiyama et al., 1984;

subscript  particle velocity [m/s]
P
V electric potential [V]

Greek letters

€ vacuum permittivity [F/m]
He electron mobility [m?/Vs]

U ion mobility [m?/Vs]

IR fluid mass density [kg/m’]
op particle mass density [kg/m?]
(OR electron flux [1/m? s]

@, ion flux [1/m” s]

subscript P particle surface charge potential [V]
oID cross section for ion-particle
momentum transfer

Okuyama et al., 1986; Haas et al., 1997). In most
cases, chemical vapor synthesized nanoparticles
are sintered and it is quite difficult to obtain the
isolated nanoparticles (Seto et al., 1997). One of
the key points to utilize chemical vapor synthesis
for nanoparticle synthesis is to reduce the particle
sintering in the reactor.

Several years ago many researches were per-
formed on the particle behavior in the glow dis-
charge plasma, since the plasma processes were
considered as contamination source for LSI pro-
cesses and named as ‘dusty plasma’ (Selwyn et al.,
1991; Gardscadden et al., 1994; Shiratani et al.,
1996). These researches elucidated the particles are
negatively charged in the glow discharge region
and each particles are isolated because of electro-
static force between them. Examples of particle
charging and isolations were typically shown in
plasma coulomb crystal (Hayashi & Tachibana,
1996; Pieper et al., 1996). The characteristic fea-
ture of dusty plasma reactors offers a convenient
way to synthesize particles at submicron levels
(Boufendi et al., 1996; Hayashi & Tachibana,
1996; Vivet et al., 1998; Bapat et al., 2003; Shen
et al., 2003; Dong et al., 2004).

This concept can be applied to the synthesis of
FePt alloy nanoparticle. Here we show an attempt
to synthesize FePt nanoparticles for high-density
magnetic media by plasma chemical vapor syn-
thesis method. One of our objectives is to elucidate
the possibility of plasma chemical vapor synthesis
process for functional nanoparticle synthesis.
Capacitively coupled plasma was operated with a



square-wave on/off cycle with various plasma
durations to control the size of nanoparticles. We
observed the plasma emission during the particle
synthesis and measured the size and morphology
of synthesized particles by TEM. The results of the
visual observations were compared with theoreti-
cal model and the particle behavior was considered
during particle growth in the plasma. The com-
position of the FePt particles was investigated by
varying the source gas feed ratio and the FePt
particle magnetization was measured by SQUID
(superconducting quantum interference device).
The effects of the alloy composition on FePt
magnetization were investigated. Annealing of
FesgPts, nanoparticle at 650°C in hydrogen
atmosphere was effective for realizing large coer-
civity of 10 KOe.

Experimental

We synthesized FePt nanoparticles by use of spe-
cially designed capacitively-coupled flow-through
plasma chemical vapor synthesis reactor which
could attain both the plug flow of the reactant gas
thorough the reaction zone and the plasma con-
finement between the electrodes. Figure 1 shows
the drawing of the reactor. The reactor consists of
upper and lower electrode, quartz tube and sub-
strate holder. Upper electrode made of stainless
steel was shower-head type source gas distributor.
Lower electrode was a punched stainless steel
plate with 1 mm diameter hole array, pitch of
which was 4 mm. The diameter of both electrodes
was 32 mm and the distance between electrodes
was 40 mm. RF power of 60 watts was put to the
upper electrode and the lower electrode was

Source gas inlet

Upper electrode

(shower head) \L—l |—| Quartz tube

Lower electrode~___ _ _ _ _ _ Substrate/TEM grid
grounded mesh

plate) Substrate holder

Exhaust

Figure 1. Enlarged view of flow-through plasma reactor.
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grounded. These electrodes were equipped in the
quartz glass tube, which take advantage to enable
the plasma observation during the particle growth.
The sample nanoparticles were collected on the
silicon substrate or TEM grid, which were placed
on the substrate holder just below the lower elec-
trode.

Carrier gas was argon and the synthesis source
gases were Biscyclopentadienyl iron (ferrocene)
for Fe and (Methylcyclopentadienyl) trimethyl
platinum for Pt. Total pressure was held at 27 Pa
and source gas pressure was chosen as 0.005 Pa.
The synthesis was conducted under the room
temperature condition all through the synthesis.
The residence time of reactant gas in the plasma
region was kept at 0.5 s. The plasma was modu-
lated with a square-wave on/off cycle of various
periods. Pulse width for plasma duration was
chosen from 0.5 to 30 s and plasma off period was
set at 4 s to each pulse operation. Figure 2 shows
the operation mode for nanoparticle synthesis.
Particle size and morphology were measured by
TEM and the FePt alloy composition was deter-
mined by TEM-EDX. Magnetization for the
synthesized particles deposited on the silicon
substrate was measured by SQUID (supercon-
ducting quantum interference device) magnetom-
etry measurements.

Results and discussions

Visual observation of the plasma emission during
particle synthesis

We observed the plasma emission between elec-
trodes during the particle growth. Figure 3 shows
the pictures of the reactor during the plasma par-
ticle synthesis. Just after the plasma input, the
sheathe-bulk boundary region started to glow.
Then the glowing region spread from the sheath-
bulk boundary into the plasma bulk region. And
finally the whole of the bulk region emitted very
brightly.

Since the plasma emission is strongly scattered
by the particle existence (Bouchoule & Boufendi,
1993), the above plasma glowing might be attrib-
uted to the particle growth. The above observation
indicates the synthesized particles in the early stage
of growth are trapped in the boundary between
sheath and bulk of plasma. However, the particles



432

1) Feed of 2) Plasma
source gas discharge for
homogeneous
nucleation
Reactor
source
Electiodes Plasma
| N
—_
N

TZSec

Figure 3. Plasma emission during particle growth.

do not stay the sheath-bulk boundary region for a
long time and seem to move to bulk region as the
particles proceed to grow. In the next part, we
performed the theoretical consideration for the
charging and the motion of particle in the glow
discharge plasma.

Theoretical consideration on the particle behavior in
the glow discharge plasma

Single particle simulation

We attempted theoretical calculation for under-
standing the particle behavior during particle
growth on the following steps;

a. Spatiotemporal plasma structure description by
gas-discharge plasma modeling.

b. Transient particle charging in glow discharge
field.

c. Evaluation of the forces on the isolated charged
particles in the glow discharge region.

As far as the number of the particles is limited,
particle motions are less effective for gas-discharge

3)Particles 4)Plasma
growth in turn off &
plasma region  Withdrawal
of particles
_ [ N
—
[ N |

dynamics and particle behaviors can be separately
treated from the plasma spatiotemporal structure.
Since the experiments were conducted under the
low pressure conditions, the diffusion velocity of
reactant gases is quite large compared to the gas
flow. Therefore the reactant gases are thought to
be completely mixed in the reactor and the fol-
lowing calculations are performed for spatially 1D
reactor.

Capacitively coupled plasma field between elec-
trodes was described by continuous fluid model
assuming local field approximation (Boeuf, 1987).
The equations describing the model are as follows,
Electron conservation equation:

on. 0

Electron flux:
on
®, = —ep, En. — Dea—; 2)

where ne, e, ., E, D, are electron density, unit
charge, mobility for electron, electric field,



diffusion coefficient, respectively and S, denotes
source term for electron through collision reac-
tions between electron and source gas. Ion con-
servation equation:

3]’!1 0

—+—0; =5 3
8t+8x ! ! (3)
Ton flux:

8n1
O; = —epw,Eny — D — 4
T el Lng lax ()

where ny, p7, Dy are ion density, mobility for ion,
diffusion coefficient, respectively and S; denotes
source term for ion through collision reactions
between electron and source gas. Electric field is
correlated to the densities of electrons and ions by
Poisson equation,

V2V =< (ne — m) (5)
&0
where E = —%—'Y/.

Electron and ion density distribution for Ar
between electrodes were calculated and averaged
during plasma cycle, where the parameters were
referred to the previous study (Makabe et al.,
1992). The results are given in Figure 4a and
similar to the previous study (Makabe et al.,
1992). Plasma is maintained by positive Ar ions
(Ar™") and electrons.

Charging of particle in the plasma could be
estimated by OML (Orbital Motion Limit) model
(Mott-Smith & Langmuir, 1926), considering the
equation of surface potential by attached charges
on the particle and the charge fluxes onto the
charged particle surface (Daugherty et al., 1992;
Kilgore et al., 1994).

Ion flux onto the particle:

(1+2u%+24)
u

erf(u))
(6)

e 1
Ilzz(nd%)nlcli(exp(—uz) +

where dp is particle diameter and

2 vip
ﬁ cr ’

vi.p 1s the ion velocity relative to the particle
velocity vp, c¢;is measure of the ion thermal speed,
m; is mass of ion, subscript P is the particle surface
potential with respect to the local plasma poten-

= (@)1/2, A= _ke;?lp’

u =
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tial, £ is Botzmann constant and 77 is ion tem-
perature and surface potential.
Electron flux onto the particle:

—e

I,
Ty

e
(nd3)nec, exp (kq;:) (7)
Total charge on the particle may be given by
summing the ion and electron currents to the
particle. Charge conservation is expressed as

dQp

=1 +1 8

a1 ®
Under the conditions of interest, the charge on the
particle can be expressed in terms of the surface
potential through the capacitance relation
(Daugherty et al., 1993) as

Qp = 477:80dp¢P(1 + dp/)u]) (9)

A, 1s debye length for electron and is given as

1/2
e T
/11 = ( 0 C) ;

ene
where gy is vacuum permittivity. Assuming elec-
tron temperature is 3 eV and n, is 10'® m®, debye
length was estimated as about 130 um, which is

much larger than particle diameter. Then the sur-
face potential could be expressed as

Op = 4neydpp (10)

By solving Eqgs. (6)—(8) and (10) numerically, the
transient charging of particle statically placed in the
plasma could be obtained. As shown in Figure 4,
we assumed plasma densities of n,=10'® m™ and
n;=10' m™ and initial condition as 0, =0 at t=0.
The results for particle charging with time evolu-
tion were given in Figure 5. Calculation results
showed that the particle could be negatively
charged with time. The time constant for charging
was inversely proportional to particle size and
estimated as about 100 ps for 10 nm particle, which
is much larger than RF cycle time, 73 ns. This
means particle charging could not follow the tem-
poral change in the plasma discharge and it can be
assumed the particle charging in the plasma would
be estimated from the time averaged gas-discharge
plasma. And the equilibrium number of charge on
the particle was proportional to the particle diam-
eter given in Figure 6. The number of charge 10 nm
particle in the plasma was estimated as about 17
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charges. Since, under our experimental conditions,
the reactant gas residence time is much larger than
time constant for particle charging, particles are
thought to be charged in equilibrium. So the later
discussions for the particle trapping are based on
the time averaged plasma field and the charged
particle in equilibrium.

In the above part, we obtained the information
on the particle charging in the plasma. Particle
motions were described by using the calculated
plasma structure, considering the equation of
motion of isolated particle. Equation of particle
motion in the fluid is written as,

T dv
cdblop+p/2—0
) (1)

0
=-Cp —;C‘Z (vp = vp)|ve = vi| + Fo

where d,, is particle diameter and pp is particle

density, p,is fluid density, v, is particle velocity, vy

is fluid velocity. Cp is drag coefficient to the par-
ticle from the ambient fluid. When the particle
diameter is much smaller than the mean free path
of the ambient gas molecule, drag coefficient can
be corrected by Cunningham slip correlation fac-
tor, C¢, given as,

Cc =1+ Kn(1.257 4 0.400exp(—1.10/Kn))
(12)

where Kn is Knudsen number.

F, denotes the forces on the particle. We first
estimated the sum of the forces onto the equilib-
rium charged single particle placed at each posi-
tion in the stationary Ar gas plasma between
electrodes. Then we compared the sum of forces
from the plasma with the drag force from the
flowing gas for evaluating the particle trapping
behavior in the plasma.

F, consists of gravity force, electrostatic force
and ion drag force (Daugherty & Graves, 1995).
These forces can be estimated separately.

Electrostatic force on the particle is given as
npeE, where np is number density of particles, e is
unit charge of electron and E is electric field.

Ion drag force is defined as the force between the
positive ion and the negatively charged particles.
Positive ions with a net velocity with respect to a
charged particle tend to transfer momentum to the
particle when the ion scatters while interacting

with the electrostatic potential in the vicinity of the
particle. In addition, ions that impact the particle
and are collected will also transfer momentum to
the particle. Ton drag force is given as n;o1pnv;.
plvipl, where n; is positive ion density, op cross
section for ion-particle momentum transfer, mi; is
mass of ion and v;_p is net relative velocity between
the positive ion and the particle (Kilgore et al.,
1994). When the particle is statically placed in the
plasma, v, p is equivalent to ion velocity v;, which
is expressed as sum of drift and diffusion terms as,

1 (on
V]ZMIE—DIn—[ (5—;) (13)
where ; is mobility for positive ion and D; is
diffusivity for positive ion. For Ar ion under the
above plasma condition, ion plasma frequency,
. 2 1/2 .
given as 1/2n(e’n;/egm;) '", was estimated as
about 3.3 MHz, which is much smaller than RF
plasma frequency of 13.56 MHz (Lieberman &
Lichtenberg, 1994). Therefore ions cannot follow
the periodic change in the plasma cycle and the
diffusion term is dominant for the ion motion
rather than the drift term.

Figure 4b shows calculated results of the sum of
the forces on the 10 nm particle. In the vicinities of
electrodes, the particle is pulled towards the
plasma bulk by electrostatic force as about
107'2 N. The particle in the bulk is pulled back to
the electrodes by ion drag force. It indicates there
are stable points for the particle where the sum of
the forces on the particle is zero between elec-
trodes. These points nearly correspond to the
boundary between sheath and bulk of plasma.
Larger forces worked on larger particle of 100 nm
size as shown in Figure 4c. It is expected that
nanoparticle can be efficiently trapped in the
plasma field during the particle growth.

Drag force from the flowing gas in Eq. (11) was
estimated as about 107'® N under the present
experimental gas flowing condition, which was
much smaller than the above estimated sum of the
forces on the particle. Therefore the charged par-
ticle could be trapped and hardly flow out from the
plasma reactor, which means that plasma field can
be useful for the nanoparticle synthesis.

The above calculations showed that isolated
particle was readily charged in the glow discharge
plasma and trapped in the boundary region
between sheath and bulk plasma. These calculation



435

3.5E+16

(a)

——electron
—=positive ion Ar+

3.0E+16

1.5E+16

2.5E+16 /
2.0E+16 f

\
}

1.0E+16 j
5.0E+15

Time averaged densities [m™]

0.0E+00

4.0E-12

3.0E-12

dp=10nm

2.0E-12 \
1.0E-12

0.0E+00 \\r
-1.0E-12

-2.0E-12

-3.0E-12

Sum of the forces on the single
particle [N]

-4.0E-12

1.5E-10
(V]

dp=100nm

1.0E-10

5.0E-11

0.0E+00

\
\[

-5.0E-11

-1.0E-10 vf

Sum of the forces on the
single particle [N]

-1.5E-10
0 1

2 3 4

Position between electrodes[cm]

Figure 4. Calculation results describing single particle trapping in plasma: (a) electron and ion distribution in Ar plasma, (b)
sum of the forces on the single particle (10 nm) placed in stationay Ar gas plasma, (c) sum of the forces on the single particle

(100 nm) placed in stationay Ar gas plasma.

results correspond to the observation for the early
stage of plasma particle synthesis.

Particle behavior deduced from the negative gas
model

The theoretical calculation showed the number of
charge on the particles was dependent on the
particle size and proportional to the diameter of
particles. Particles are thought to become more
charged with increasing size. As a result, the
amount of charge on the particles is expected to

become large enough to affect the plasma field
structure. Equations (1)—(5) are generally used for
plasma description. Unfortunately there is not
enough precise information, such as collision cross
section with electron, mobility and diffusivity, on
solid particles for solving the above equations.
Therefore to expect the behavior of the signifi-
cantly charged particles in the plasma field, here
the theoretical calculation was conducted for
negative gas containing plasma in place of negative
charged particles, since much information have
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Figure 5. Transient changing of paricle in the uniform density plasma (n. = 10!* m=3, n, = 10!® m~3).

been obtained for discharge phenomena on the gas
species rather than solid particles. O, was chosen
as negative discharge gas, because considerable
amount of the rate data for discharging are elab-
orately collected (Lieberman & Lichtenberg,
1994). The same calculation scheme as Ar gas
plasma was used for Ar and O, mixture gas. Fig-
ure 7 shows the density distributions for electron,
positive ion and negative ion for 1 volume%
oxygen contained Ar, where the plasma condi-

tions, such as pressure, plasma power, and dis-
tance between electrodes are same given in
Figure 4. Plasma bulk region was maintained by
positive ions, electrons and negative ions. Com-
parison of Figure 7 with Figure 4 shows the
plasma field structures differ much because of
negative ions in the plasma. Electron density in
Figure 8 was low compared with pure Ar gas
plasma and the negative ion accumulation was
observed in the plasma bulk region. The density of
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Figure 6. Equilibrium charging on single particle placed in Ar plasma (n=10'® m~3, np= 106 m™3).
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oxygen contained Ar plasma.

negative ions was estimated to be on the order of
10" ecm™. Particle observation by in situ laser-
light-scattering (LLS) method performed for
simultancous measurements of size and density
distributions obtained 10® cm™ particles in the
plasma region (Shiratani et al., 1996). The density
of particles in our plasma reactor is much higher
than 10® cm™, since visual observation could
capture the behavior of the particles. Furthermore,
during the growth, particles attach more electrons
onto the surface. As a result, the sum of the
charges on the particles during plasma synthesis
might be on the same order of magnitude as above
calculated negative ion densities. The particle
accumulation into the bulk region could be
explained by the negative ion behavior given in
Figure 7.

Evaluations of the synthesized FePt nanoparticles

Figure 8 shows typical results of the TEM image
for synsthesized FePt nanoparticles, where the
plasma on-time duration of 5 s was chosen. Shape
of each particle was almost spherical. The average
size was about 33 nm and size distribution was less
than 12%.

Figure 9a and b show the TEM pictures of
nanoparticles of the plasma time duration of 2 s.
Average size of particles was about 18 nm and size

distribution was less than 8%. Figure 9b shows
high resolution TEM picture and a close-up image
of Figure 10a. We found the very small and iso-
lated particles with about 1-2 nm size were caught
entirely on TEM grid. Unfortunately size distri-
bution for such small particles was hard to mea-
sure because of TEM resolution comstraint. But it
seemed rather uniform and separated each other.
These nanometer size particles showed crystal
structure shown in high resolution TEM picture
given in Figure 10. These syntheses were con-
ducted under the room temperature condition.
Charged species may affect on the crystallinity of
the particles. Since large particles seemed to con-
sist of smaller particles, it indicated the large par-
ticle was agglomerate of small particles.

Previous studies showed the model of particle
growth in the RF plasma (Dutta et al., 1997,
Fukuzawa et al., 1999). One of them is given as
follows.

1. Source decomposition to produce radical spe-
cies and ion species.

2. Homogeneous Nucleation and nanoparticle
growth from radical and ion species.

3. Agglomeration of nanometer size particles.

This model is quite understandable but care must
be paid for the particle charging in the plasma. The
above theoretical calculation showed the particles
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Figure 8. TEM picture of synthesised FePt nanoparticles.

in plasma are negatively charged because of large
extent of electron energy in the glow discharge
plasma. It is expected that the negatively charged
particles are electrostatically repulsive and particle
agglomerations may not occur. In Figure 9b, the
small particles with a few nanometer diameter are
isolated and repulsive forces are expected to work
between these particles. On the contrary to these
expectations, TEM pictures of large particle seem
to show agglomerate of the small particles as given
in Figure 9b. Since the agglomeration for nano-
particles may not occur as far as the each nano-
particle is negatively charged and electrostatically
repulsive, negative charging for small particles is

thought to be broken through some reasons. In the
above theoretical part, we showed the results of
the instantaneous negative particle charging in the
time averaged uniform plasma. Here we consider
either spatial non-uniformity of plasma neutrality
or temporal particle charge fluctuation for particle
agglomerations. Spatial non-uniformity of plasma
neutrality arises in the sheath region, where there
is relatively low density electron as shown in Fig-
ure 4. The charge on the particles in the vicinity of
electrodes might detach from the particle surface
and the particle become less negative or sometime
neutral, where the particles can agglomerate each
other as mentioned by Kawasaki et al. (1998). The
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Figure 9. TEM pictures of synthesised nanoparticles (plasma duration 5 s): (a) low magnification, (b) higher magnification.

other model for negative charge breaking is based
on the temporal fluctuation of charge on the
particle. Previous report theoretically showed the
charge on the small particle of a few nanometer is
fluctuated and positive charging may take place in
some time (Cui & Goree, 1994). Once the particle
is positively charged, the particle instantancously
agglomerates to negative particles. Either of these
models or both can explain the agglomeration of
particles but the details should be studied in the
future research.

We examined the effect of the plasma time
duration on the particle size. As expected, when
the plasma duration was small, the particle size
was reduced. This tendency was consistent with
the previously reported data (Bouchoule & Bouf-
endi, 1993). We conducted the experiments to
synthesize small particles as much as possible by
reducing the time duration and the particle of
10 nm was obtained with plasma duration of 0.5 s.
Correlation between the duration for plasma-on
and the average particle size obtained is given in
Figure 11. Size distribution was depending on the
particle size and estimated about 8-30% to 120 to
10 nm particle, respectively.

Figure 12 shows FePt composition of nanopar-
ticle measured by TEM-EDX in relation to source
gas feed ratio. Pt content in synthesized 20 nm

nanoparticles increased as the Pt source vapor
pressure was increased. Although Pt was captured
in the nanoparticle less effectively than Fe, FePt
alloy composition could be readily controlled by
adjusting the source gas feed ratio. The decom-
position rates for Fe and Pt sources might differ
against the electron impact in the glow discharge
plasma. Although source gas for Pt, (Methylcy-
clopentadienyl) trimethyl platinum, contains lar-
ger size of alkaline molecule than source gas for
Fe, Biscyclopentadienyl iron, electron impact cross
section for decomposition might not be related to
the alkaline size of molecule. Sun et al. (2001)
reported the FePt nanoparticle synthesis through
the thermal decomposition route in the liquid
phase. Acetylacetonato platinum for Pt and iron
pentacarbonyl for Fe were used as starting mate-
rials. They measured the relation between the
particle composition and the molar ratio of Fe
source and Pt source. The results showed not all
Fe source contributed to the FePt formation. The
reason was Fe source be more easily vaporized
than Pt source. The choice of source materials is
one of the key factors for composition control for
FePt nanoparticle synthesis.

Itis well known that FePt with L10 ordered phase
reveals large coercivity (Tanaka et al., 1997).
Magnetization for FePt nanoparticles at room



440

Figure 10. HRTEM images of synthesised nanoparticles.

temperature was evaluated by use of SQUID mag-
netometry measurements. Nanoparticle sample
with the size about 20 nm were tested for magneti-
zation. As-synthesized nanoparticle did not show
loop shape characteristics, which indicated nano-
particles are superparamagnetic. Then nanoparticle
samples were annealed in the closed glass tube fur-
nace under the various atmospheres. Figure 13
shows the magnetization of the nanoparticle sample
FesgPt4,, which was annealed at 650°C for 30 minin
the atmospheric hydrogen. The sample exhibited
hysteresis loop and quite high coercivity as large as
about 10 KOe, which is much larger than conven-
tional cobalt alloys. These were attributed to the

transformation from the fcc phase to the L1, fct
phase (Sun et al., 2000). As mentioned above,
as-synthesized particles have crystal structure
because of charged species existing in the particle
growth. This effect may not be large enough for
crystal transformation from fcc to fct structure.
Annealing at 800°C resulted in about 20 KOe
coercivity. Annealing in nitrogen atmosphere gave
no hysteretic behavior. As previously reported by
Zeng et al. (2003), anneal atmosphere was impor-
tant for the magnetization of FePt nanoparticles.
Since the nanoparticle is very reactive to oxygen,
nanoparticle exposed in the air would be readily
oxidized. And also the carbonaceous materials are
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Figure 11. Relation between plasma duration and particle size.

thought to be remaining because the source gases of
organometalic compounds contain certain amounts
of hydrocarbons. Hydrogen played a role of
reducing agent for oxidized particles as well as
carbonaceous materials.

We also measured coercivity for various com-
position samples annealed at 650°C. Figure 14
shows the effect of the composition on the coer-
civity. The coercivities of these samples depended
strongly on FePt composition. At about molar
ratio of Fe of 58%, the very large coercivity could
be obtained. As given in the phase diagram for

bulk material (Massalski et al., 1996), FePt alloy
has various composition phases and FePt shows
magnetization from about FessPtgs to FessPtys.
Plasma synthesized FePt nanoparticles expressed
the magnetization behavior in a similar manner to
the bulk metal. But there is a slight difference of
FePt composition, where maximum coercivity was
obtained for FesgPty, sample synthesized under
the present experimental conditions. This tendency
is same in the chemically synthesized FePt
nanoparitcles, which exhibited the maximum
coercivity for the FessPtyy nanoparticles (Sun
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Figure 12. Relation between source gas feed ratio and Pt content in FePt nanoparticles.
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et al., 2001). Although some surface effects of the
nanoparticles may affect the magnetization
behavior, the composition of FePt alloy was one of
the most critical issues to realize large coercivity.

Conclusion

FePt nanoparticles for high-density magnetic
media were synthesized by plasma chemical vapor
synthesis method, where we used the capacitively
coupled flow-through plasma reactor with a
square-wave on/off cycle with various periods.
While the particle growth proceeded, plasma
emission in the region of plasma bulk was
increased. These visual observations were
explained by instantaneous particle charging,
charged particle trapping in sheath bulk boundary
and by assuming the analogous behavior between

negative charged particle and negative gas plasma.
Synthesized particle consisted of two kinds of
particles, one was a few nanometer size particle
and the other seemed to be agglomerate of nano-
meter-size particles. Nanometer-size particles were
isolated and particle negative charging was indi-
cated. Agglomerated particle size could be varied
from 10 to 120 nm by changing the plasma-on
time from 0.5 to 30 s. The composition of the FePt
alloy particles was varied by changing the source
gas flow ratio. The effects of the alloy composition
on FePt magnetization were investigated. FesgPty,
nanoparticle annealed at 650°C in hydrogen
atmosphere showed coercivity as large as 10 KOe.
Plasma chemical vapor synthesis is thought to be
one of the most interesting processes for functional
nanoparticle preparation.
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