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Fig.4 XRD patterns of CdS/MWCNTs

Fig.5 TEM images of CAS/MWCNTs
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Fig.6 UV-VIS spectraof CAS/MWCNTs
samples (A)-(D) are shown in Fig. 6. Though the
absorption edge of all the samples appeared
aroutd 500 nm, the reflection coefficients of the
samples varied. This may be due to the variation
in particle morphology. In the case of CdS
deposited on a rough glass surface by CBD
method, the particle size becomes smaller'”, If we
compare the nanotube surfaces, sample B and C
has smooth and rough textures respectively. And
also, the size of the particles deposited on sample
B and C were large and small respectively. This
was in agreement with what was observed in the
case of CdS deposited on rough glass surface. It is
inferred that the difference in particle size is due

]
o
-9
ok
o

to the difference in free energy change during
nucleation caused by the surface morphology of
the nanotubes. :

3.3 Photoreactivity of CdS/MWCNTs

Fig.7 shows the results of hydrogen generation
experiment carried out using the CAS'/MWCNTs
photocatalyst dispersed in Na,S solution and
exposed to visible light irradiation. The results
include that of CdS without MWCNTs as a
control. It was obvious that the use of MWCNTs
as a substrate had an effect on the photocatalytic
activities of CdS. Among the samples tested,
highest activity was reported for the sample B.
The poor activities of other samples were
considered due to the difference in the
crystallinity of the MWCNTs. In the case of
sample A, the surface was not free of defects. On
the other hand, in the case of sample C, the
surface was full of defects. Though the sample D
was annealed to reduce the number of defects on
the surface, the photoactivity was not enhanced
enough compared with sample B. However,
activity of sample D was higher than that of C and
almost equal to A. Considering the above facts,
we believe that the photocatalytic activity is
closely related to the crystallinity of the
MWCNTs. The reason being that the electronic
property of the MWCNTSs depends very much on
the crystallinity®]. Thus the electron transport
property {which is the key issue in
photocatalysis) have been enhanced in highly
crystalline MWCNTs. MWCNTs supposed to
play a role similar to that of platinum on platinum
supported CdS and also helps to separate the
oxidation-reduction reaction sites for promoting
photocatalytic activities by preventing
recombination of photo excited electrons and
holes.

d H,(ml)

Amount of generate
(=]
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o 60 120 180 240
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Fig.7 Amount of generated hydrogen
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4. CONCLUSION

CdS was deposited on the surface modified
MWCNTs by CBD method. The deposited
particle sizes become smaller with increasing
defects. The results of hydrogen generation
experiment  suggested that  photocatalytic
activities were dependent on the crystallinity of
MWCN'Is rather than CdS particle size. As the
electric property is linked to the crystallinity of
the nanotubes, it is assumed that photo excited
electrons are easily transferred from CdS to
MWCNTs and moved to reaction sites. In other
words, it is predicted that the MWCNTs act as a
metal catalyst such as Pt that causes site
separation effect.
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Abstract

Crystallographic structures and magnetic properties of chemically synthesized FePt nanoparticles, which were firmly
stabilized into a monolayer on thermally oxidized Si substrate using 3-amino propyldimethylethoxysilene, were studied.
The two-dimensional structure of FePt nanoparticles was confirmed by plan-view high-resolution scanning microscopy
observation. The particles transformed from fcc to highly ordered L1, structure by annealing at 800°C under high
vacuum with minimal coalescence. From rotational hysteresis loss analysis, a large magnetic anisotropy field of over
80kOe for the 800°C-anrnealed film was estimated. The coercivity of the annealed sample was very small and of the
order of 1020e at room temperature, meanwhile, the remanence coercivity cobtained from DC demagnetization
measurement was over 11kOe. This large difference was resulted from the co-existence of Fe-poor particles with
different low anisotropy fields in the monolayered film.
© 2004 Elsevier B.V. All rights reserved.

PACS: 75.50.T¢; 75.75. +a; 75.50. Ss

Keywords: FePt nanoparticle; L1, phase; Monolayered film; Coupling layer; Coalescence; Coercivity; Magnetic anisotropy field

1. Introduction great potential as the promising candidate because
of their high magnetocrystalline anisotropy

There have been increasing demands for ultra- (K, ~6.6 x 107 erg/cm®) [1]. Recently, many suc-
high density recording in magnetic storage media. cessful results regarding chemical syntheses of
Lly type alloys such as FePt and CoPt have FePt and CoPt nanoparticles in solution phase

have been reported [2-8). Chemically synthesized

*Corresponding author. Tel.: +81-22-367-2727; fax: +81- F?Pt nanopart_ldes .ha.ve f:me size of a few r{m
22-367-2725. with narrow size distribution and can be easily

E-mail address: yuichi.sasaki@jp.sony.com (Y. Sasaki). constructed to well-aligned microstructure, which

0304-8853/3 - sce front matter & 2004 Elsevier B.V. All rights reserved.
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allows for realization of recording densities over
1 Tb/in®. As-grown FePt nanoparticles are mostly
face-centered cubic (fcc) with chemically disor-
dered phase and show superparamagnetic beha-
vior. High-temperature annealing is therefore
required to obtain the high anisotropy ordered
L1, phase. Self-organized deposition is one of the
effective techniques for forming nanoparticles on a
substrate into mono- or multi-layer, however,
those in the resulting array tend to coalesce during
annealing [9,10], which leads to undesirable
exchange interaction between particles as well as
increase in size distribution. We recently demon-
strated the application of using amino-functional
silane, 3-(2-aminoethlyamino) propyltrimethoxysi-
lane, as a coupling layer for FePt nanoparticles
dispersion, resulting in the formation of mono-
layered film on rigid substrates [11]. Coalescence of
the nanoparticles was not significant after anneal-
ing at 800°C. This fabrication method also
enabled nanoparticles to stabilize homogeneously
compared to the self-organized procedure over an
extended area. In this paper, magnetic properties
of FePt nanoparticle monolayered films which
were prepared by employing a coupling layer
described above as well as crystal structure
analysis of the particles are described.

2. Experiment

FePt nanoparticles were produced based on the
method reported by Sun et al. [2]. As an attempt to
control the chemical compasition distribution, the
reaction were performed without 1, 2-hexadecane-
diol to reduce Pt(ID). Our recent results have shown
that the distribution in the composition of nano-
particles was reduced by the method without such a
diol [12]. In case of the absence of a diol, CO-ligand
released from iron pentacarbonyl works as a
reducing agent {13), which allows us to obtain the
alloy nanoparticles. The heterostructure of FePt
nanoparticles monolayered films with the 3-amino
propyldimethylethoxysilene (APS) coupling layer
was fabricated by the similar method reported in
Ref. [11]. Initially, deposited FePt nanoparticle
monolayered films were annealed under a vacuum
of 1077 Torr at temperatures of 600°C and 800°C

for 30min in order to transform the FePt nano-
particles from the fcc to the L1, phase.

The average crystallographic textures and grain
sizes of the FePt nanoparticle monolayered films
were investigated by in-plane X-ray diffraction
{XRD) measurements with the X-ray incidence
angle set at 0.25° from the plane. The in-plane
XRD measurements were done using a RIGAKU
ATX-G with Cu-K, (wavelength=0.154184 nm)
radiation. Further characterizations of the particle
sizes and surface morphology of the film were
carried out using high-resolution scanning electron
microscopy (HR-SEM) and high-resolution trans-
mission electron microscopy (HR-TEM). Chemi-
cal compositions were determined by X-ray
microanalysis (XMA) for measuring FePt nano-
particle assembly and electron dispersive X-ray
spectroscopy equipped on TEM (TEM-EDS) for
charactering less than 10 FePt nanoparticles per
measurement. Magnetic measurements were per-
formed using superconducting quantum interfer-
ence device (SQUID) magnetometer and high-
sensitivity torque magnetometer.

3. Morphology, chemical composition and
crystallographic structures

Fig. 1 shows the HR-TEM image of as-prepared
FePt nanoparticles. Most particles were found to
be single crystals, meanwhile, faceted morphology
was also observed. Core-shell structure between Fe
and Pt was not observed. The mean diameter of
the particles was 4.2 nm with a standard deviation
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Fig. 1. HR-TEM image of as-prepared FePt nanoparticles.
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Table 1
Chemical composition analyzed by XMA and TEM-EDS
The number of Fe(at%) Pt (at%)
nmeasured particles
XMA > 108 48 52
TEM-EDS <10 47.67 5233
4429 551
43.78 56.22
38.79 61.21
30.59 69.41

of 0.46nm (11%). Chemical composition data of
FePt panoparticles analyzed by two methods,
named XMA and TEM-EDS are shown in
Table 1. The XMA data, which was obtained by
measuring over 10° particles, corresponded to the
average composition. Meanwhile, we collected the
composition data from 1-10 particles at TEM-
EDS measurements by narrowing the electron
beam size, allowing us to know the composition
distribution of approximately each particle. Aver-
age composition of this sample was FeysPtss,
however, we found the inhomogeneity of the
composition according to the TEM-EDS results.
Lly phase is thermodynamically equilibriom
structure of Fe,Ptygo—, alloy system in the range
of 45<x<65 [14]. EDS data suggested that a
significant number of particles were out of this
range. EDS data also showed relatively small
values of Fe content in numerous particles
compared to the XMA overall result [12].

A plan-view image of the nanoparticles ob-
served using an HR-SEM is shown in Fig. 2. The
particles were stabilized randomly in a two-
dimensional pattern with an ideal separation of a
few nm. The particle coverage on the substrate had
a high density of approximately 6.4 T particles/in®.
For further characterization of the APS/FePt
nanoparticle heterostructure, X-ray reflectivity
measurements were carried out. According to the
simulation using multilayer model [15], mono-
layered structure of FePt nanoparticle films over
an extended area (1 x 3em?) was confirmed.

The average crystallographic structure of FePt
nanoparticle monolayered films were determined
using in-plane XRD. Fig. 3 shows the in-plane
XRD patterns for as-deposited and annealed FePt

55200 5 06 %300k SE[CN)

Fig. 2. Plan-view HR-SEM image of the FePt nanoparticle
film. Bright dots correspond to the nanoparticles.
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Fig. 3. In-plane XRD patterns for the as-deposited and
annealed FePt nanoparticle monolayered films,

nanoparticle monolayered films. The chemically
disordered fec (11 1) and (200) peaks appeared at
the as-deposited film. After annealing the film at
600°C for 30min under a vacuum of 10~7 Torr,
these two peaks shifted to higher angles. In
addition, the annealed film at higher temperature
of 800°C for 30min under the same vacuum
allowed us to observe a chemically ordered Ll
(1 10) superlattice reflection as well as the (200)/
(002) splitting. The ¢/a ratio, calculated using the
(111) and (200} peaks, of the film anncaled at
600°C was almost unity, meaning that transforma-
tion into L1y phase did not occur. Conversely, the
cla ratio for the film annealed at 800°C was
determined to be 0.954, which was comparable to
that of the bulk data of 0.964 [16]. Thus, the
800°C-annealed film was considered to have a
highly ordered Ll phase. Grain diameters of
the nanoparticles, which was calculated by the
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Fig. 4. Grain diameter of the as-deposited FePt nanoparticle
moenolayered film and the films prepared by anncaling,
estimated by Scherrer’s equation using (11 1) peaks.

Scherrer’s equation using the full-width at half-
maximum of the (111) peak, are plotted in Fig. 4.
There was no change in diameter after annealing at
600°C, suggesting that coalescence was avoided
during annealing. On the other hand, the diameter
after annealing at 800°C increased approximately
100%. However, the degree of coalescence for
the FePt nanoparticles array with a highly ordered
L1, phase was not significant compared to the
other study [5].

4. Magnetic properties

Fig. 5 shows in-plane hysteresis loops of the as-
deposited and the annealed FePt naonoparticle
films which were measured at (a) room tempera-
ture (RT) and (b) 5K, respectively. The as-
deposited and 600°C-apnealed films exhibited
superparamagnetic behavior at room temperature,
which was consistent with the fact that their
crystallographic structure revealed chemically dis-
ordered fcc phase with low magnetic anisotropy.
The magnetization curves of the nanoparticle film
annealed at 800°C drew the loops with compli-
cated shapes. Especially, the coercivity was of the
order of 10°Oc at RT even though XRD results
demonstrated the transformation into high mag-
netic anisolropy ordered L1, phase. To make the
reason clear, the remanence coercivity (H;) and
the magnitude of uniaxial magnetic anisotropy
field (Hy) was evalvated in the film plane. DC
demagnetization curve measured with a saturation
field of 50kOe for the film annealed at 800°C is

1.0 T T
{a) .
-a- as-deposited
| —*—600°C
—— 300 °C

Normalized magnetization
(=)

-1.0 1 1 1

T
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g —*- 600°C
N [ e s00°C
£ !
g0
B
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-20 -10 0 10 20
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Fig. 5. In-plane hysteresis loops of the as-deposited FePt
nanoparticle monelayered film and the annealed films measured
at (a) room temperature (RT) and (b) SK.
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Fig. 6. DC demagnetization (DCD}) and hysteresis curves for
FePt nanoparticle films annealed at 8060°C,
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shown in Fig. 6. The large H,; of over 11 kQe for
the 800°C-annealed film was observed, and then
the extremely large Ho/H. value (=14.21) was
demonstrated compared to the theoretical value
of 1.07 [17]. These results suggest that at least
2 phases with different anisotropies existed in
the film. Rotational hysteresis loss (}¥;) for the
800°C-annealed film is plotted as a function of
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Fig. 7. Rotational hystersis loss curve for the 800°C-annealed
film. The dotted arrow indicates the estimated H, value.

the applied field up to 25kQOe in Fig. 7. W,
measurement was employed to estimate the
intringic Hy of each grain [18]. Hy of each grain
is generally determined as the magnetic field where
W become zero at a higher field. In the case of the
800°C-annealed film, W} kept high value at upper
limit of the applied field for the measurement. We,
therefore, estimated the approximate Hy value by
extrapolating the decreasing part of W, curve to
W, = 0. As can be seen in Fig. 7, it is suggested
that the particles in the film had a very large Hy of
more than 80kQOe. A possible explanation against
these inconsistencies is the co-existence of Fe-poor
particles which could not transform into Ll,
structure. These particles were likely remained at
their fec structure or transformed FePts structure
with low magnetic anisotropy after the thermal
treatment, therefore, the superparamagnetic char-
acteristics of the particles was obtained. If the
FePt; particles were involved in the whole particle
film with insignificant amount, the clear evidence
would be invisible on XRD pattern.

5. Conclusions

Chemically synthesized FePt nanoparticle
monolayer can be firmly stabilized on an amino-
functionalized surface. The FePt nanoparticles
transformed from fec to highly ordered Ll,
structure by annealing at 800°C under high
vacuum with minimal coalescence. It was esti-
mated that the 800°C-annealed film had a large

magnetic anisotropy field of more than 80 kQe. In
addition, remanence coercivity for the film an-
nealed at 800°C revealed over 11kOe. However,
the coercivity indicated very small value of the
order of 10°0e at room temperature, which
suggested the existence of low anisotropy compo-
nents. This is expected to be due to incomplete L1,
phase transformation of the Fe-poor particles. The
investigation of narrowing the chemical composi-
tion distribution of FePt nanoparticles is in active
progress.
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Local structure around Ni impurities in a carbon nanotube
was studied by X-ray absorption fine structure (XAFS). The Ni
was present in the form of Ni particles before the purification
process. After the purification Ni content was decreased to a
few hundreds ppm. The NiK-edge XAFS could be measured
by a 19 element solid-state detector. The Ni species was strongly
bound to the carbon of the carbon nanotube with a Ni—C covalent
bonds at 0.173 nm.

Carbon nanotubes draw much attention as new maiterials,
which have wide applications to many ficlds such as electric de-
vices, hydrogen storage materials, field emission display, AFM
tip, and so on.! Since carbon nanotubes are composed of only
carbon atoms and are expected to have biocompatibility, the re-
searches for the biological application have been started such as
a drag delivery system, scaffolds for cell engineering, artificial
bones, dental roots, and cell culture media.? Chemical vapor
deposition (CVDY) synthesis method using catalysts such as Ni,
Fe, Fe-Ni. and Ni-Mo is one of promising methods for large-
scale production of carbon nanotubes.? Ni is one of the best cat-
alysts to produce carbon nanotubes but it often shows toxic prop-
erties to a living body. Although most of Ni in the carbon nano-
tube can be removed by the HCl weatment, it is important to
know the metabolism, chemical state, and structure of Ni impu-
rity left in the carbon nanotubes after the HCl treatment in order
to apply the nanotubes to medical and biological fields safely. In
this paper, we report the characterization of the chemical state of
residual Ni species before and after the purification processes of
a carbon nanotube by XAFS (X-ray absorption fine structure)
technique. Because the amount of Ni species after the purifica-
tion is about a few hundred ppm, it is difficult to estimate the
Ni chemical state by conventional techniques. We carried out
fluorescence XAFS analysis of Ni impurity in the carbon nano-
wbe. We found that the Ni species was strongly fixed to the car-
bon of a carbon nanotube through a Ni-C covalent bond.

Carbon nanotube was synthesized by a CVD method using
Ni catalyst, It was purified by a calcination followed by oM
HCI treatment for 6h in order to remove the carbon nanoparti-
cles and Ni catalysts.

XAFS neasurements were carried out at BLOA of the Pho-
ton Factory in Institute for Structure Material Science (KEK-PF)
using a Si(111) double crystal monochromator.* (99G280,
2001G287) The incident and transmitted X-rays were monitored
by ionization chambers filled with nitrogen. The Auorescence X-

ray was detected by a 19 element 58D (solid state detector)
{Camberra Co.) The dead times of SSD were corrected accord-
ing to the literature.” The XAFS analyses were carried out by
REX2000 (Rigaku Co) using phase shift and amplitude func-
tions derived from FEFF8.%

Figure | showed the Fourier transforms of Ni K-edge XAFS
oscillations before the purification over k = 30-150 nm~!. We
measured the XAFS oscillation ir a transmission mode because
we had an enough edge jump. We found several peaks. The first
and main peak appeared at 0.25 nm, which corresponded to that
of the Ni—Ni distance in the first shell of Ni metal. The ionger
Ni-Ni peaks clearly appeared, which were corresponding to
the 2nd, 3rd and 4th shells in the Ni fec structure. The curve fit-
ting analysis showed that the coordination number and bond dis-
tance of the first shell Ni-Ni bond were 12 and 0.248 nm, respec-
tively, indicating that the Ni was presentin a metal particle larg-
er than 5num judging from the coordination numbers of the first
and the higher shells which were almost equat to that of the bulk
Ni species.

When the Ni metal particles were removed by the HCl treat-
ment, we could not observe NiK-edge in a transmission mode
any more. Thus we used a fluorescence mode to obtain Ni XAFS
oscillations. According to the Ni Ko fluorescence peak intensity,
the amount of Ni can be estimated to be about a few hundred
ppm. Figure 2 shows the X-ray near edge structure of Ni species
in the carbon nanotube before and afier the HCl treatment to-
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Figure 1. Fourier transforms of XAFS oscillations for Ni cata-
lysts in the carbon nanotube and Ni foils.
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Figure 2. Ni K-edge XANES of (a) Ni foil, (b) Ni species in the
carbon nanotube before purification, and (c) that after the puriti-
cation. (d) and (e) in the inset showed XANES spectra for NiO
and Ni{NO;3):-9H-0.

gether with reference compounds. The XANES (X-ray absorp-
tion near edge structure) spectrum after the HC treatment was
completely different from that before the HCI treatment and
Ni foil, indicating that the metallic Ni particles were completely
removed by the HCl treatment. The XANES spectrum of the
sample after the HCI treatment was different from those of
NiQ and Ni(NQ3);-9H,0. The residual Ni species was not sim-
ple oxide or aguo complex ions. Peaks in the XANES spectrum
appeared at the similar positions as in the spectrum of the deac-
tivated Ni catalyst after the CH, decomposition reaction though
the peak heights were much stronger in the present spectrum.?
Figure 3 shows the Fourier transforms of Ni K-edge XAFS
of Ni species in the carbon nanotube after the HCI treatment.
Peaks appear at 0.16 and 0.22nm. We carried out curve fitting
analysis for the first shell assuming Ni—C bond. The bond dis-
tance and coordination number were 0.177 nm and 1.5, respec-
tively. The second shell peak could be assigned to Ni-Ni at
0.247nm with its coordination number 0.8. Ni-C distance
0.177 am was smaller than 0.186 and 0.184 nm found in Ni;C
and Ni(CO)y, respectively. Thus the Ni species was fixed strong-
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Figure 3. Fourier transform of NiK-edge EXAFS for the Ni
species in the carbon nanotube after the HCI treatment.

ly to carbon nanotube through a covalent bond. Since carbon
narotubes were stable in the living body, Ni impurity may stay
there for a long time and may bicaccumulate. We recommend
that the Ni catalyst should rot be used to the production of the
carbon tube if it is used as a biomaterial.
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Abstract

Coq - oZn,Fe;04 and Mng, . Zn,Fe,04 (x = 0.1—0.5) nanoparticles less than 12nm are prepared by chemical ¢o-
precipitation method which could be used for ferrofluid preparation. X-ray diffraction (XRD), Transmission electron
microscopy (TEM), Vibrational sample magnetometer (VSM) and Thermo gravimetric analysis (TGA) are utilized in
order to study the effect of variation in the Zn substitution and its impact on particle size, magnetic properties like Ms,
He, Curie temperature, thermomagnetic coefficient and associated water content. Atomic absorption spectroscopy was
used for the estimation of cobalt, zinc and manganese and Fe®* ion was estimated using spectrophotometer. The
saturation magnetization of the Co-Zn substituted ferrite nanoparticles decreases continuously with the increase in Zn
concentration, whereas for the Mn—Zn substituted ferrite nanoparticle the saturation magnetization was maximum for
x = 0.2 and decreases on further increase in Zn concentration, The particle size decreases with the increase in the Zn
concentration for both Co~-Zn and Mn—Zn ferrites. The estimation of associated water content, which increases with
the Zn concentration, plays a vital role for the correct determination of cation contents. The Curie temperature and the
temperature at which maximum value of thermomagnetic coefficient observed simultaneously decrease with the increase
in the initial substitution degree of zinc.
€ 2004 Elsevier B.V. All rights reserved.
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diagnostics, etc. Various preparation techniques
have been used for the synthesis of fine particles of
ferrites, which exhibit novel properties when
compared to their properties in bulk. Non-
conventional methods such as co-precipitation,
thermal decomposition, sol-gel and hydrothermal
methods have been widely used. Ultra fine ferrite
particles can be prepared by the simple chemical
co-precipitation method. Auzans et al. [1,2] have
studied the preparation and properties of Mn-Zn
ferrite nanoparticles used for ionic and surfacted
ferrofluids with different degrees of Zn substitu-
tion prepared by co-precipitation method.
Chandana Rath et al. [3] have reported the
dependence on cation distribution of particle
size, lattice parameter and magnetic properties in
nanosize Mn—Zn ferrite for different degrees of Zn
substitution prepared by hydrothermal precipita-
tion method. The use of Mn-Zn ferrite for the
preparation of temperature sensttive magnetic
fluid by co-precipitation method has already
been studied [4-6]. Cog2ZngsFe,0; fine particles
have been prepared by chemical co-precipitation
method followed by sintering [7]. Control of
particle size in the nanometer range by the
variation of synthesis condition is always a
difficult task. It becomes mandatory in the
case of ferrofluid preparation using co-precipita-
tion method. In order to prepare ferrofluid having
such fine particles, specific size restriction is
imposed considering the stability criteria.
Cog—xyZn.Fe,04 substituted ferrites with x vary-
ing from 0.1 to 0.5 prepared by co-precipitation
method have not yet been fully studied like
Mn-Zn substituted ferrites. In this paper we
report preparation of Me,_,Zn Fe,O4 fine parti-
cles, where Me=Co®" and Mn** with x varying
from 0.1 to 0.5 with particle size less than 12nm
by chemical co-precipitation method and the
consequent change in their magnetic property,
thermomagnetic coefficient, lattice parameter,
particle size and associated water content due
to zinc substitution. Though further increase in the
Zn concentration (x>0.5) leads to the forma-
tion of ferrite nanoparticles, because of the
low-magnetic volume force when dispersed in a
carrier liquid, particles with x>0.5 are not
considered.

2. Experimental
2.1, Synthesis of Me,_.Zn, Fe;0, nanoparticles

The magnetization of substituted ferrite nano-
particles synthesized by co-precipitation depends
mostly on parameters such as reaction tempera-
ture, pH of the suspension, initial molar concen-
tration, etc. [4). Ultra fine particles of
Coy_,Zn Fe,0, with x varying from 0.1 to 0.5
were prepared by co-precipitating aqueous solu-
tions of CoCl,, Zn30; and FeCl; mixtures,
respectively, in alkaline medium. The mixed
solution of CoCly,, ZnSO, and FeCly in their
respective stoichiometry (50ml of 0.5M CoCl,,
50ml of 0.5M ZnSOy4 and 100ml of 1 M FeCl; in
the case of Cogy sZng sFe,04 and similarly for the
other values of x) was prepared and kept at 80°C.
This mixture was added to the boiling solution of
NaOH (0.64M dissolved in 1300ml of distilled
water) within 10s under constant stirring. Nano-
ferrites are formed by conversion of metal salts
into hydroxides, which take place immediately,
and transformation of hydroxides into ferrites.
The solutions were maintained at 95°C for 1h.
This duration was sufficient for the transformation
of hydroxides into spinel ferrite (dehydration and
atomic rearrangement involved in the conversion
of intermediate hydroxide phase into ferrite) [4].

Mn;_,Zn,Fe,Q, fine particles with x varying
from 0.1 to 0.5 were also collected by following the
same procedure, but aqueous solution of MnCl;
was taken instead of CoCly. The pH of the co-
precipitating agent (NaOH) was adjusted around
12 and precipitation was then carried out. This is
due to the simultaneous formation of non-mag-
netic and paramagnetic particles at higher pH
value 3>13. The concentration of Mn>* and Fe**
deviates from their initial stoichiometry when
higher pH is used for precipitation. But in the
case of Co-Zn ferrite higher pH value did not
affect the ferrite formation or the magnetization of
the product.

2.2, Characterization

The particles were collected and separated using
magnetic separation and washed several times with
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distilled water followed by acetone and dried at
room temperature. The particles were analysed
using X-ray diffraction (XRD-Rigaku with Cu Ko
radiation), high-resolution transmission electron
microscopy (HRTEM-Hitachi HF 2000). The
magnetization measurements were done at room
temperature up to a maximum field of 10kOe and
the temperature dependence of magnetization in a
field of 5kOe were done using a vibrational sample
magnetometer (VSM Tamakawa model TM-
VSMIi230-HHHS). The associated water content
was estimated by thermo gravimetric analysis
(TGA) by monitoring the weight of the sample
when heated to a maximum of 700 °C (rate 5°C/
min) in an inert atmosphere (Mettler Toledo 851%).
The water content was estimated from the weight
difference measured at 25 and 700 °C. Estimation
of Co?™, Mn®" and Zn?" in the final product was
carried out using double beam atomic absorption
spectrometer (GBC-902). Flame type used was air
acetylene and suitable lamps with wavelength
240.7, 279.5 and 213.9nm for the estimation of
cobalt, manganese and zinc, respectively were
used. The Fe’' ions were estimated by using
UV-visible spectrophotometer (Shimadzu — UV-
1601). The concentration of Fe®* ion was
estimated by measuring the absorbance at
510nm using spectrophotometer. The reduction
of iron was possible by addition of a mixture of
sodium acetate and glacial acetic acid (Buffer), 5%
hydroxylamine hydrochloride (reducing agent)

Table 1

and 0.25% O-Phenanthroline (complexing agent).
The particles were dissolved using concentrated
HCI and carefully diluted so that the dilution was
well within the linear limit depending upon the
sensitivity for the estimation of the respective
cation [8].

3. Results and discussion

The final products after magnetic separation
and subsequent washing and drying were used for
the estimation of final cation concentrations. The
exact amount of metal ions present in the final
product was estimated after taking into considera-
tion the estimated amount of associated water
content from the TGA studies. The formation of
ferrites was in accordance with their initial
stoichiometry. The initial and final (estimated)
cation concentrations of the prepared samples are
given in Table 1. The ratio of (Me?*)/(Fe**)
initially taken was 0.5 and the ratio obtained from
the final product varied from 0.512 to 0.52 in the
case of Co-Zn ferrite and from 0.5 to 0.51 in the
case of Mn-Zn ferrites. Both the Co-Zn and
Mn-Zn ferrites did not deviate (within the allowed
experimental errors including estimation of water
content, dilution etc.) from their initial stoichio-
metry and matched well with the initial degree of
substitution when rounded to the first decimal. It
is interesting to note that the initial and final Zn

Initial and the estimated final cation concentrations of the prepared samples

Cation concentration

Samples with estimated cation

Co?* /Mn®* Zn?* Fe**

Initial Final (estimated) Initial Final (estimated) Initial Final (estimated}

0.9—Co 0.901 01 0.102 02 1.96 Cog 901200 102581 9604
0.8—Co 0.81 0.2 0.204 0.2 1.98 COO.S[ leo‘szBngo‘;
0.7—Co 0.70 03 0.31 0.2 1.96 COg'jozﬂq‘leCL%Oq,
0.6—Co 0.61 0.4 041 0.2 1.96 Cou_6,an_4lFe._g¢,O4
0.5—Co 0.51 0.5 0.50 0.2 1.95 Cog 51Zng sFe; 9504
0.9—Mn 0.875 0.1 0.09% 0.2 194 Mnovgjszn.o_oggFel.9404
0.8—Mn 0.789 0.2 0.21 0.2 1.96 Mﬂo_7ggZﬂQ_2|FCl_9604
0.7—Mn 0.699 0.3 0.295 0.2 1.98 Mno_sggzno_295F61_9304
0.6—Mn 0.591 04 . (}.399 0.2 1.96 Mﬂg_sglzno_gggFengo,;
0.5—Mn  0.499 0.5 0.495 0.2 1.99 Mnp 9921 495Fe) 5904
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concentration does not deviate and the prepara-
tion condition completely favors the formation of
ferrites allowing us to study the effect of Zn
substitution on the properties of the ferrites.

The particles collected were analyzed using
XRD, and the diffraction pattern confirmed the
formation of cubic ferrite phase for all the
samples. The XRD pattern (Fig. 1a and b)
indicates the formation of ferrite nanoparticles in
both the cases of Co-Zn ferrites (Fig. 1a) and
Mn-Zn ferrites (Fig. 1b). All the peaks in the
diffraction pattern have been indexed and the
refinement of the lattice parameter was done using
Powder X software [?]. The average particle size
for each composition has been calculated using the
Debye-Scherrer formula. The peaks of (220),

3000 > Cog sZnp sFe20,

{440)

Intensity (a.u.)
(220)

>
o
<
{400)
(511)

(422}

20 30 40 50 60 70

(311}

Mnyg sZng sFe204

{220)
(440)

(511}

o
(o]
(=)
. |
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{422)

20 30 40 50 60 70
(b) 2theta

Fig. 1. The fitted XRD peaks of reflection (220), (31 1), (400),
(511) and (440} for (a) CogsZngsFe0; and (b}
My sZry sFe20y4 nanoparticles.

sk Coy 70, Fe,0,
—o— Mn,,_.Zn,Fe,O,

{1-x)
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Fig. 2. Variation of particle size with increase in Zn concentra-
tion.

(311), (400), (511) and (440) have been decon-
voluted to Lorentzian curves [10] using Peak Fit
software for the determination of the average
diameter (Dxgpp) using full-width at half-max-
imum value (see Fig. la and b). The particle size
estimated decreases with the increase in Zn
concentration for Co-Zn as well as for Mn-Zn
ferrites as shown in Fig. 2. Though all the samples
were prepared under identical condition, the
particle size was not the same for all concentra-
tions of Zn. This was probably due to the reaction
condition, which favored the formation of new
nuclei preventing further growth of particles when
the Zn concentration was increased. By altering
the preparation condition and by making use of
seeding technique, Jeyadevan et al. have produced
a larger diameter particle with enhanced magneti-
zation without altering the composition [4]. Hence,
preparation condition serves as an effective means
to have a control over the particle size. The
preparation condition followed here gives rise to
different rate of ferrite formation for different
concentrations of Zn, favoring the variation of
particle size.

The morphology of the particles formed was
examined by direct observation via high-resolution
transmission electron microscopy for all the
collected particles. As an example, the micro-
graphs of CogysZngysFe.04 and Mng sZng sFe 04
are given in Fig. 3a and b.
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Fig. 3. Transmission electron micrograph of (a) Coy sZng sFeaO4 and (b} Mny sZng sFeO,.

Table 2

Sumimery of properties of Coy _yZn Fe;O,4 and Mng, _ 3Zn, Fe,O,4 nanoparticles

Samples with estimated Magnetization measurements at  Estimated Particle size Lattice Estimated

cations 10k0e Curie Dyrp (nm) parameter (A) associated
temperature water content
(°C) Wit%

M, M, H, (O¢)
(emu/g)  (emu/g)

Coo_9012n0_102Fc1_9604 54.1 10.6 223 415 11.1 8.390 10.9

COQ_ulzno_zquCngOq 50.7 4.84 76.2 373 109 8.387 11.55

Cog.70Zng. 11 Fe) 9604 48.8 2.35 33.5 352 98 8.385 12.19

Cogg1Zng.4 Feq 9604 42.8 0.798 11.6 285 9.0 8.383 1443

Coyg.s51Zng sFe; 950, 39.6 0.499 9.77 267 8.8 8.356 16.65

My g752ng geoFe; 5404 424 1.99 12.8 360 11.3 8.442 3.75

Mnmgano_nFcl_g.;O., 48.1 1.45 9.02 —_ 10.8 8.440 9.04

Mg g99Zng 29sF e 904 4.8 1.27 8.66 303 10.1 8.439 14.6

Mng 59,205 395F €1 9604 35.1 0.717 8.58 196 9.2 8.436 14.75

Mng_qggzno‘qgsFel_ggo.i 335 0.459 8.7 165 8.5 8.409 15.1

The lattice constant decreases to a very small
extent with increase in the Zn concentration, but
the difference is considerable only when the Zn
concentration difference is large. This may arise
when large number of Zn®* ions having small
ionic radii (0.74 A) replace Mn®™ ions having large
ionic radii (0.93 A). In the case of Co-Zn ferrite
both Co?* and Zn®** ions have small ionic radii
and hence, the change in the lattice parameter is

not well noticed (Table 2). The variation of lattice
constant with increase in Zn concentration is
shown in Fig. 4.

The specific magnetization (Ms), remanence
(M) and coercivity (Hc) of the prepared powders
were measured at room temperature in a max-
imum field of 10kOe. Magnetic properties of
Co-Zn and Mn-Zn ferrites are strongly dependent
on the Zn concentration. The change in magnetic
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Fig. 4. Variation of lattice constant with increase in Zn
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Fig. 5. Variation of saturation magnetization with Zn sub-
stitution at room temperature,

properties such as Ms, He and Curie temperature
is due to the influence of the cationic stoichiometry
and their occupancy in the specific sites as
explained by Rath et al. [3]. In addition, formation
of dead layer on the surface, existence of random
canting of particle surface spins, non-saturation
effects due to random distribution of particle size,
deviation from the normal cation distribution ete.,
have been reported for the reduction in the
magnetic properties of nanosized particles. The

variation of saturation magnetization at room
temperature with Zn substitution is shown in Fig.
5. The summary of propertics of the particles
derived from magnetic measurements, XRD and
TGA are listed in Table 2,

Estimation of Curie temperature for the pre-
pared samples is made by extrapolating the linear
section of the temperature dependence of magne-
tization (M vs. T) to the temperature axis (Fig. 6a
and b). A clear non-linear tail (from the extra-
polated line to the region where the magnetization
becomes zero) is seen for higher concentration of
Zn substitution. A similar phenomenon called
‘paraprocess’ has been reported by Auzans et al,
[2] for Mn-Zn ferrite nanoparticles for various Zn
concentration and also by Chandana Rath et al.

50 g A —-=—A - CoggZng Fe,0,
o c o s B- Coge7ng Fe,0,
2 AR € - CopyZng,Fe;04
g 4042 ™ —+— D- Co,eZn, Fe,0,
z E - CoggZngsFe,0,
8 301
T
R
e 204
o
=

104

0 T L) T L) L) e T T T
50 100 150 200 250 300 350 400 450

(a) Temperature{°C}

50

B — A-MnggZng Fa,0y
. A 8 - Mny,Zn, Fe,0,
g2 —— C-MnyZn, Fe,0,
£ D - Mn, Zn, .Fe,0,
L
c
2
o
)
k]
=
=
©
=
0 -

50 100 150 200 250 300 350 400 450
{b) Temperature(°C)

Fig. 6. Temperature dependence of magnetization of (a)
Co(l_,)ancho4 and {b) Mrm_x)Zn\.Fc204.



476 R. Arubnurugan et al. } Jowrnal of Magnetism and Magnetic Materials 288 (2005} 470-477

Table 3

Thermomagnetic properties Cog_yZn Fe;0, and Mn,;_ 3Zn Fe,0, nanoparticles

Samples with estimated cations Maximum value of

Temperature at which &y Temperature range of

thermomagnetic is maximum (°C) k1202

coefficient ky (emu/gK)
CogonZng.102Fer 9604 0.182 353 —
Coga1Z11p204F1 5504 0.173 314 _
Cog70Zn 31 Fe 9604 0.291 297 230-334
CoggZng 41 Fe; 9604 0.217 220 205-235
COo,ﬂZl‘lﬂ_sFﬂ]_gqu 0.214 207 193-219
Mng g75Zn0.099F€1.9404 0.177 204 —
Mno_sggznu_zgsFﬂl_9304 0.329 124 102-151
Mrnig 591219 399F €1 ,9604 0.265 111 83-145
Mng.a99Zng 495F e 5904 0.286 101 71-133

with the appearance of cusp along the non-linear
tail [3]. From Table 2 it is clearly seen that the
Curie temperature decreases with the addition of
Zn. This is because of the replacement of more
non-magnetic ions (Zn2*) instead of Co** or
Mn?* in the A site [6].

Thermomagnetic coefficient kt (kT = AM/AT)
is calculated from the first derivative of the
temperature-dependent magnetization curve for
each concentration. The maximum value of
thermomagnetic coefficient and the temperature
at which the maximum value is obtained are given
in Table 3. The practical applications of ferrofluid
is decided considering the stability of the fluid and
the vapor pressure of the carrier liquid at the
operating temperature [11]. Ferrofluid can be
operated at a temperature around 150 °C without
losing much of the stability. Ferrofluid having the
maximum value of thermomagnetic coefficient
within this temperature range can be utilized for
energy conversion application. Particles whose
value of k1 20.2 and the entire temperature range
having this value of kr are also given in Table 2.
The value of kt is =0.2 only for 0.52x203. In
the case of Cog sZng sFe;0, the temperature range
at which kr is 0.2 is around 200 °C, where as for
Mny sZng sFe.0, this temperature range is around
70 °C and hence can be effectively used for energy
conversion applications. Simultaneous reduction
in the Curie temperature and higher value of
thermomagnetic coefficient shown by Mn-Zn
ferrites (for x =0.5 and 0.4) will enable us to

prepare temperature sensitive ferrofiuid for prac-
tical applications.

The percentage of Zn affects the associated
water content, and the water content varies from
3.75% to 15.1% in the case of Mn-Zn ferrite and
form 10% to 16.5% in the case of Co-Zn ferrite
with corresponding increase in Zn substitution
(Fig. 7). In both cases, the maximum percentage of
water content (15% for MngsZngsFeyO4 and
16.5% for CogsZngsFe;04) estimated was for
the higher substitution of Zn. This is because
increase in the Zn concentration reduces the
particle size and affects the rate of ferrite forma-
tion.

The water content was reduced to some extent
only in the case of Co-Zn ferrites, in particular for
the low substitution of Zn (showing 10% in our
case) by slightly changing the preparation condi-
tion (when the precipitates were heated in the
alkaline medium for 2h instead of 1h). This
allowed even higher substitution of Zn (x = 0.6,
etc.). The other properties due to this change in the
preparation are not discussed here.

4. Conclusion

The preparation technique of nanoparticles has
a definite impact on the control of particle size and
alteration of magnetic properties. The estimated
cations from the product are in comparison with
the initial substitution degree, indicating that the
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Fig. 7. Thermo gravimetric analysis of the prepared samples.

preparation procedure favors the formation of
only ferrites. All the XRD peaks have been
indexed and the lattice parameter have been
estimated for each concentration. The particle size
estimated showed a decreasing trend with the
increase in the Zn concentration though the
preparation condition was identical for all the
samples. The Curie temperature and the tempera-
ture at which maximum value of thermomagnetic
coefficient is observed decrease with the increase
in Zn concentration. Thermomagnetic coeffi-
cient calculated for Coy_yZn,Fe;0, and
Mn(;_yZn Fe;0,4 has maximum value of 0.2 when
x =0.3-0.5, but at different ranges of tempera-

ture for different values of Zn substitution. The
Co-Zn ferrite particles can be used to prepare
ferrofiuids with higher magnetization. Mn-Zn
ferrite particles with low Curie temperature and
high value of thermomagnetic coefficient can be
used for the preparation of temperature sensitive
ferrofiuid.
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Chemically Synthesized L1(-Type FePt Nanoparticles
and Nanoparticle Arrays via Template-Assisted
Self-Assembly

Yuichi Sasaki, M. Mizuno, A. C. C. Yu, T. Miyauchi, D. Hasegawa, T. Ogawa, M. Takahashi, B. Jeyadevan, K. Tohji,
K. Sato, and S. Hisano

Abstract—Chemically ordered L1o-type FePt nanoparticle ag-
glomerates were synthesized directly by the co-reduction of Fe(II)
and Pt(IT) acetylacetonates in tetraethylene glycol at 300 °C in the
absence of surfactants. These nanoparticles could be dispersed in
n-hexane by coating with oleic acid and oleylamine, However, the
dispersed particles exhibited only chemically disordered fcc phase
and superparamagnetic behavior. The FePt nanoparticle film
composed of dispersed particles and stabilized using amino-silane
began to structurally transform to ordered L1, phase at 600 °C,
which is lower compared to that prepared by the hot soap method.
Rotational hysteresis loss measurement suggested that the or-
dering was incomplete at 600 °C and the nanoparticle film had
the distribution of magnetocrystalline anisotropy field values. The
FePt nanoparticle array was fabricated using the template-assisted
self-assembly technique. To produce periodic dots on a substrate,
positive-biased pulse voltage was applied to the substrate coated
with octadecyltrichlorosilane monolayer by using a conducting
cantilever used in a scanning probe microscope, This process
induced electrochemical modification of —CHj3 groups inte polar
ones. The resulting template had well-aligned sub-100-nm dot
arrays with sub-100-nm periodicity. The FePt nanoparticles were
fixed on the patterned areas selectively.

Index Terms—Dispersion, electrochemical modification, FePt
nanoparticle, L1, structure, magnetic anisotropy field, polycrys-
talline, polyol process, scanning probe lithography, template-as-
sisted sell-assembly.

I. INTRODUCTION

HE L1g-type alloys such as FePt and CoPt have great

potential as the promising candidates for ultrahigh den-
sity recording media because of their high magnetocrystalline
anisotropy (FePt: K,, ~ 6.6 x 107 erg/cm”, CoPt: K, ~
49 x 107 erg/cm®) [1]. Chemically synthesized FePt and CoPt
nznoparticles have attracted much attention due to narrow size
distribution as well as the dimensions with a few nanometer
scale compared to those fabricated by the existing sputtering
technique [2]-[9]. As-grown FePt and CoPt nanoparticles are
mostly face-centered cubic (fce) and show superparamagnetic
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behavior. To obtain ordered L1, structure, high temperature an-
nealing is required. A self-assembled array of such particles
shows well-aligned close-packed nanostructures on a substrate,
however, each particle strongly coalesces during annealing [10],
which results in undesirable increase in size and its distribu-
tion. Though doping with a third element (Ag) was effective in
reducing the transformation temperature to 350 °C, it was im-
possible to prevent particles from coalescing completely [11].
We recently reported that Llg-type FePt nanoparticles could
be obtained directly in solution phase at 300 °C by using the
“modified polyol process”, which opened up the possibility for
the fabrication of the ultrahigh density nanoparticle thin film
media without heating process [12]. As the nanoparticle syn-
thesis was cammied out without using any stabilizers such as sur-
factants in solution, these particles agglomerated strongly so
that the coating of the nanoparticles on a substrate was diffi-
cult. In the first part of this paper, the dispersion of the directly
synthesized L1g-type FePt nanoparticles in an organic solvent
is investigated. The unique morphological and crystallographic
characteristics are examined and compared with those synthe-
sized by the hot-soap method [13]. The investigation of their
magnetic properties focusing on the magnetic anisotropy is also
discussed,

The ultimate goal in the development of ultrahigh density
recording media is to store one bit per one magnetic unit. To
achieve this, the establishment of periodic arrays is necessary.
Various lithographic techniques have been used to fabricate
the magnetic arrays [14], [15], however, periodic assembly of
nanoparticles system with an extended area has not been accom-
plished. We demonstrated the application of amino-functional
silane as a coupling layer for FePt nancparticles dispersion,
resulting in the formation of a monolayered film on a rigid
substrate [16]. This fabrication method offered the possibility
of a long-range array of the nanoparticles, however, no periodic
array was formed. We have recently proposed the template as-
sisted self-assembly technology, which incorporated scanning
probe lithography as a promising tool for the establishment of
such arrays [17]. In the second part of this paper, successful
production of well-aligned FePt nanoparticles array is demon-

strated.

II. EXPERIMENT

FePt nanoparticles with L1y structure were synthesized by
co-reduction of Fe(II1) and Pt(11) acetylacetonates in tetraethy-

0018-9464/320.00 © 2005 IEEE
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Fig. 1. Powder XRD pattern of FePt nanoparticles agglomerates synthesized
by modified polyol process at 300 °C,

lene glycol (TEG) at 300°C [9]. Contrary to the hot-soap
method, the above method did not involve the stabilization of
particles by surfactants. Thus the nanoparticles formed agglom-
erates and precipitated out. Dispersion of the nanoparticles in
a nonpolar organic solvent was then camied out as follows:
Oleic acid and oleylamine were injected into the solution after
cooling down to room temperature, and a designated amount
of n-hexane was added. The mixture was transferred into an
airtight container, and agitated vigorously using a shaker. After
several hours, the suspension separated into TEG and n-hexane
phases. The n-hexane phase turned from colorless to dark
brown, which is an indication of the presence of nanoparticles.
Meanwhile, part of the nanoparticles remained at the interface
between the two solvents. Thus this process was repeated to
bring more particles into the n-hexane phase.

The FePt nanoparticles monolayered films were formed on a
thermally oxidized Si wafer using a coupling layer of amino-
silane [16). Then, the monolayered film was annealed under a
vacuum of 107 Torr at 600 °C for 30 min to evaluate the crys-
tallographic features and magnetic properties.

The crystallographic textures and average grain sizes of
the FePt nanoparticle monolayered films were investigated
by in-plane X-ray diffraction (XRD) measurements with the
X-ray incidence angle set at 0.25° from the plane. The in-plane
XRD measurements were done using a RIGAKU ATX-G with
Cu K, (wavelength = 0.154 nm) radiation. On the other
hand, the as-prepared and agglomerated FePt nanoperticles
were examined using powder XRD. The particle morphology
evaluation was carried out using high-resolution transmis-
sion electron microscopy {(HR-TEM). Chemical compositions
were determined by X-ray microanalysis (XMA). Magnetic
properties were measured using a superconducting quanturm
interference device and high-sensitivity torque magnetometer.

HII. MAGNETIC PROPERTIES AND CRYSTALLOGRAPHIC
STRUCTURES OF DIRECTLY SYNTHESIZED L1o-TYPE
FePt NANOPARTICLES

A. Morphology and Crystallographic Structures

Fig. 1 shows the powder XRD pattern of the as-prepared
FePt nanoparticles before dispersion. Their average chemical
corrposition analyzed using XMA was Fe;3t45. The presence

(a)

Fig. 2. HR-TEM images of the {(a) dispersed portion of FePt nanoparticles
synthesized by modified polyol process and (b) those prepared by the hot soap
method.

of (001) and (110) superlattice reflections suggested the exis-
tence of L1y structure in the as-prepared FePt nanoparticles,
The «/a ratio calculated using the (111) and (200) peaks was
0.972 and was slightly larger compared to that of the ideal bulk
value which is only 0.964 [18]. This suggested the presence of
partially ordered L1y phase. As previously reported [12], the
sample consisted of agglomerates of nanoparticles with diame-
ters ranging between 5 and 10 nm.

The HR-TEM image of the FePt nanoparticles dispersed in
n-hexane is shown in Fig. 2(a). Mismatched lattice planes ob-
served in almost all the particles confirmed the polycrystalline
nature of the particles. This morphology was characteristic
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Fig. 3. In-plane XRD patterns for the as-coated and 600 °C annealed FePt

nanoparticle monolayered films. (a) and (b} denote the dispersed portion of the
nanoparticles synthesized by modified polyol process and those prepared by
hot-soap method, respectively.

of the FePt nanoparticles synthesized by the modified polyol
process (polycrystalline), and was different from that obtained
by the hot-soap method (single crystalline) [13] as indicated in
Fig. 2(b). The mean diameter of the particles was 7.6 nm with a
standard deviation of 1.4 nm {18%). From XMA, the chemical
composition of the dispersed FePt nanoparticles was found to
be FessPtgq. The reason for this phenomenon is not clear yet,
however, dissolution by oleic acid could be considered as a
possible reason.

Fig. 3(a) shows the in-plane XRD patterns for the as-coated
and 600°C-annealed FePt monolayered films. The nanopar-
ticles used here correspond to the dispersed portion of the
particles synthesized by the modified polyol process. The
profiles for the monolayered films of the FePt nanoparticles
prepared by the hot-soap method are shown in Fig. 3(b) for
comparison. Before annealing, only the chemically disordered
fce (111) and (200) peaks were observed for the film of the
nanoparticles synthesized by the modified polyol process.
Tkis meant that the as-coated nanoparticles did not possess
the L1y structure. The reason for this structural difference
berween the as-synthesized particles and the dispersed particles
is unclear. A chemically ordered L1 (110) peak appeared for
the 600 °C-annealed film of the nanoparticles produced by the
medified polyol process and had a ¢/« ratio of 0.986 compared
wih 0.964 for the bulk [18). Therefore, the sample has to be
annealed at higher temperatures than 600 °C for more complete
orcering. Conversely, no superlattice peak was confirmed
in the XRD pattern for the film prepared using the particles
syrthesized by the hot-soap method even after annealing at
600°C. From these results, we concluded that the structural
transformation of the FePt nanoparticles synthesized by the
modified polyol process occurred at lower temperatures than
those by the hot-soap method. Besides the differences in the
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Fig. 4, In-planc hysteresis loops for the 600 °C annealed film of the dispersed
FePt hanoparticles synthesized by modified pelyol process measured at RT and
5 K.

reaction kinetics of the two preparation techniques, this phe-
nomenon could be due to the following additional reasons, that
is, the difference in morphological features of the nanoparticles
prepared by both procedures and size dependence of ordering.
As noted above, FePt nanoparticles synthesized by the mod-
ified polyol process were polycrystalline, while those by the
hot-soap method were single crystalline. With a polycrystalline
structure, ordering progresses due to interdiffusion of atoms
within grains and at grain boundaries. The latter is expected
to possess lower activation energy barrier, contributing to the
reduction of the phase transformation temperature. Another
possible reason is the dependence of phase transformation on
the particle size. Recently, Takahashi et al. reported that smaller
FePt particles were harder to chemically transform by applying
the diffuse-interface theory [19], The average grain diameter
of the as-synthesized nanoparticles prepared by the hot-soap
method, which was calculated by the Scherrer’s equation using
the ful! width at half maximum of the (111) peak, was 3.4 nm,
which was slightly smaller than that by the modified polyel
process of 4.1 nm. The former kept constant after annealing at
600 °C, while the latter increased up to 5.6 nm. Consequently,
the ordering in nanoparticles prepared by the hot-soap method
seems to be more difficult to progress. The grain diameter of
the 600 °C-annealed nanoparticles was smaller than the average
patticle diameter measured by TEM observation, suggesting
that the interparticle coalescence did not occur.

B. Magnetic Properiies

The as-synthesized FePt nanoparticle agglomerates showed
ferromagnetic behavior with a coercivity (H.) of 2.2 kQe at
room temperature (RT). On the other hand, the as-coated film
of the dispersed nanopanticles showed superparamagnetic be-
havior at RT, which was consistent with the crystallographic fec
structure with low magnetic anisotropy. Fig. 4 shows in-plane
hysteresis loops of the 600 °C-annealed film measured at RT and
5 K. It exhibited small H. value of 290 Oe at RT, and 4.6 kQOe
at 5 K, which arises from the complicated contribution of in-
complete ordering, slightly Pt-rich composition and small grain
size of around 5 nm. The rotational hysteresis loss (W,) for
the 600 °C-annealed film of FePt nanoparticles synthesized by
the modified polyol process is plotted as a function of the ap-
plied field up to 25 kOe in Fig. 5. As a reference, W, curve



