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Fig. 5. Rotational hysteresis loss curves for FePt nanoparticles prepared by
the modified polyol process measured at RT. Open and closed circles denote the
as-synthesized agglomerates and the dispersed nanoparticle monolayered film
afler annealing at 600 °C, respectively.

for the as-synthesized FePt nanoparticle agglomerates by the
modified polyol process is shown. The curve for the 600 °C-an-
nealed film of FePt nanoparticles synthesized by the modified
polyo!l process had two maximum fields (Hp) of about 7 and
15 kQe, leading to two different uniaxial magnetic anisotropy
fields {(Hy) of at least 14 and 30, respectively, according to
classical single domain theory. However, these estimated Hy
values were larger than double of the H. at 5 K with minimal
thermal effects. Namely, H./Hy of the 600 °C-annealed film
indicated smaller value compared to the theoretical one of non-
interacting, magnetically isolated Stoner—Wohlfarth-type grains
of 0.479 (for random orientation) {20]. We consider this reason
to be mainly due to the distribution of Hy of nanoparticles. The
magnetization reversal which is characteristic of the polycrys-
talline particles could not be discussed here because of the exis-
tence of this distribution of H),. Interaction between and within
the particles seems not to be dominant in this case because the
interparticle coalescence was not likely to occur after annealing
and the particles were separated enough. Nevertheless detailed
invastigation based on some magnetic measurements should be
male for further understanding. On the other hand, a single peak
was observed for the film composed of as-synthesized nanopar-
ticles by the modified polyol process. It had extremely small H,
valie of 200 Oe compared to the estimated Hy of nearly 30 kQOe,
which is thought to be due to the distribution in the switching
field caused by that in the degree of ordering and the exchange
coupling between the nanoparticles. The estimated one is con-
sidered to be the maximum value in the film.

IV. FePt NANOPARTICLE ARRAYS VIA TEMPLATE-ASSISTED
SELF-ASSEMBLY

A. Fabrication Method of Nanoparticle Array

The periodic array of FePt nanoparticles was fabricated using
the template-assisted self-assembly technique, which involved
scaning probe lithography. The procedure was composed of
the following three steps. First, the monolayered octadecyl-
tricilorosilane (OTS) was formed on a P-type silicon wafer by
dipaing it in the solution, which allowed the termination of the
meshyl group on the substrate. Second, the —CHj3 terminated
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Fig.6. Schematic diagram for electrochemical patterntng of the periodic small
dot arays on a —CHgz, terminated substrate.

Fig. 7. LFM images of (a) —CHa, terminated (before patterned) and
(b) electrochemically patterned surfaces on a 5i substrate.

surface was electrochemically modified using a conducting
cantilever used in scanning probe microscopes. Fig. 6 shows
the schematic diagram for patterning periodic small dot arrays
on the substrate. The conducting cantilever was scanned on the
substrate with the contact mode, applying a positive pulse bias
of 9.5 V with frequency of 20 Hz and 10 ms per pulse. The
scanning rate was 2 pm/s. Finally, the modified substrate was
immersed in n-hexane based FePt nanoparticle dispersion, then
taken out, and rinsed by n-hexane.

The patterned surface was observed using a scanning probe
microscope with two different modes, namely, atomic force mi-
croscope (AFM) and lateral force microscope (LFM). The ob-
servation of the resulting nanoparticle array was carried out
using a field emission scanning electron microscope (FE-SEM).

B. Analysis of Patterned Surface and Nanoparticle Array

Fig. 7 indicates LFM images of (a) —CH3 terminated (before
patterned) and (b) electrochemically patterned surfaces on a Si
substrate, The difference in frictional force is reflected in the
contrast as shown in the figure. There was almost no contrast
in the image before patterning. Conversely, periodic dark spots,
which corresponded to the periodicity of the modification condi-
tion, appeared in the image after patterning. Therefore, we rec-
ognize these spots as the modified areas. The average diameter
of the spots was about 70 nm and they were well aligned witha
separation of about 80 nm between centers. Each dark area had
relatively higher friction, which meant that —CH3 terminated
groups were changed into some polar ones by the electrochem-
ical reaction. Fig, 8 shows the AFM images of (a) —CHaj ter-
minated (before patterned) and {b) electrochemically patterned
surfaces. Topographic change after patterning was not observed
from the AFM results. Thus, the electrochemical patterning was
carried out without any change in roughness of the substrate.
The FE-SEM image of the FePt nanoparicle arrays coated on
the patterned substrate is shown in Fig. 9. It could be found that
FePt nanoparticles were fixed on the patterned areas selectively.
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Fig. 8. AFM images of (a) —CHj; terminated (before patterned) and (b}
electrochemically patterned surfaces on a Si substrate.
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Fig.9. FE-SEM image of the FePt nanoparticle array coated on the pattemed
subsirate. White dots correspond to the FePt nanoparticles.

The modified polar sites are thought to work as templates for an-
choring the nanoparticles effectively. The number of nanoparti-
cles per dot was around 33 with a standard deviation of 4.8 and
the dot density corresponded to Q.1 Tparticles/in?. Ideally, this
should be decreased to one particle per dot when the application
torecording media is taken into consideration. The possibility of
the same is being investigated now. Thus, the template-assisted
self-assembly technique to fabricate the periodic nanoparticle
array was successfully demonstrated and can be the promising
tool for developing future ultrahigh-density recording media.

V. CONCLUSION

Chemically ordered L1lg-type FePt nanoparticles were syn-
thesized directly without surfactants in the solution phase
through the co-reduction of Fe(III) and Pi(IT) acetylacetonates
at 300 °C. These nanoparticles could be dispersed in a nonpolar
solvent such as n-hexane by coating the particles with surfac-
tants with long alkyl chains. However, the dispersed particles
were of only chemically disordered fcc phase and exhibited
superparamagnetic behavior. This may be due to the deficiency
of the Fe content caused by the dispersion treatment. An alter-
naive dispersion technique is being developed. The dispersed
FePt nanoparticle film stabilized using amino-silane began
to structurally transform to the ordered L1g phase at 600 °C.
This phenomenon could be explained by the characteristic
polycrystalline nature and the relatively large crystal size of the
particles synthesized by the modified polyol process. Rotational
hysteresis loss measurement suggested that the nanoparticle
fil; annealed at 600 °C was not completely ordered.
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The periodic array of FePt nanoparticles was fabrcated using
the template-assisted self-assembly technique. For making peri-
odic dots on a substrate, a positive-biased pulse voltage was ap-
plied to the —CH3 terminated surface by a conducting cantilever
of a scanning probe microscope, which induced electrochem-
ical modification into polar groups. The resulting template had
well-aligned sub-100-nm dot atrays with sub-100-nm period-
icity. We also succeeded in selectively fixing the FePt nanopar-
ticles on the patterned areas.
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Equiatomic FePt and CoPt nanoparticles with the ordered L1, structure are attractive as ultrahigh
density magnetic recording media. In a recent work, chemically synthesized foc-FePt nanoparticles
with narrow size distribution and their self-assembled array with close-packed microstructure has
been achieved successfully. However, the particles coalesced during the subsequent annealing step
necessary 1o obtain L1, FePt nanoparticles. In the present study, we have successfully demonstrated
the direct synthesis of L1, FePt nanoparticles at low temperature of 553 K using the “modified
polyol method” without subsequent annealing, whose diameter is 5-10nm and intrinsic
magnetocrystalline anisotropy field (H;) is 31 kOe. This indicates that precisely controlling the
reaction kinetics, especially low reduction rate through optimizing the polyol/Pt mole ratio and type
of polyol are very important for directly synthesizing the L1, FePt nanoparticles. Furthermore, we
investigated the size, morphology and composition dependence of the magnetic properties of FePt
nanoparticles in order to clarify the L1; ordering mechanism. As a result, clear evidence of the
existence of the critical diameter for the thermodynarnical L1, ordering is not observed in the size
range above 2 nm. Furthermore, the recrystallization and sintering process can be a driving force for
promoting the L1y ordering, and hence, Fe and Pt atom diffusion at the grain boundary plays an
important role to the L1, ordering of FePt nanoparticles. © 2005 American Institute of Physics.
{DOI: 10.1063/1.1851891]

I. INTRODUCTION

Equiatomic FePt and CoPt nanoparticles with the
L1g-ordered structure are promising candidates as ultrahigh
density magnetic recording media, since the therral fluctua-
tion of the spins in small nanoparticles would be suppressed
by their large magnetocrystalline anisotropy constant (X,) of
the order of 107 erg/cm®.' Although chemical synthesis
method, so-called “hot-soap methodm,” shows high control-
lability over the formation of particles with narrow size
dism‘bl.nion,2 most of the methods reported so far require an
indispensable postannealing step for the transformation from
disordered fcc to ordered L1,y phase of FePt or CoPt nano-
particles, which leads to serious coalescence of the same, In
addition, the hot-soap method is unsuitable for large-scale
production. From the viewpoint of industrial fabrication and
‘physical interest of grain growth, it is important to lower the
L1, phase transition temperature and a method for direct
synthesis of ordered L1, phase (of FePt or CoPt nanopar-
ticles) should be developed as a next key technology. Rea-
sonable success has been achieved by adding a third element
(e.g.. Cu, Sn, Pb, Sb, Ag, and Bi) that lowers the phase
transition temperature through surface segregation.>* How-
ever, the reduction of the phase transition temperature using
the above methods has been limited and lowering below
673 K still remains a challenge.

In nanoparticles, surface erergy that constitutes large
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part of the total free energy can be a significant factor in
structure formation. In addition to thermodynamic effects,
reaction kinetics can be strongly size dependent and the free
energy barrier height to phase transformation are relatively
low in these very small nanoparticles,” promoting complex
coupled growth-phase transformation behavior. One of the
present authors have succeeded various phase formation of
Co particles chemically synthesized by a “modified-polyol
method.”®™ The results showed that with the enhancement in
reaction kinetics, the particle size was reduced from submi-
cron to few tens of nanometer accompanied with the crystal-
line structure change from fec at micron size, coexistence of
fce and hep in the submicron size and to epsilon and hep Co
at nanometer size. Therefore, reaction kinetics plays an im-
portant role for the size reduction of particles and also the
phase formation.

While, in the case of synthesis of FePt and CoPt nano-
particles using the “modified polyol method,” Fe or Co as
well as Pt ions has to be co-reduced. In our previous report
for Co particle synthesis, Pt ions not only reduced to Pt met-
als, but also enhanced and accelerated the reduction of asso-
ciated metal ions.® Similar reduction behavior can be ex-
pected in the case of Fe ions (the reduction of Fe alone in
polyol is difficult’), and could lead to the formation of FePt
alloy particles using the polyol method alone rather than a
combination of processes used by Sun er al.?

® 2005 American Institute of Physics
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In the present study, we adapted the modified polyol
method for the FePt and CoPt nanoparticle synthesis, During
the synthesis, the nanoparticles seem to undergo the forma-
tion of unstable phases and different crystalline structures are
realized for different particle diameters depending on the re-
action kinetics. The low reaction rate can be a promising key
parameter for realizing low-temperature equilibrium phase of
ordered L1, of FePt or CoPt nanoparticles.

Furthermore, while the L1, ordering of FePt and CoPt
nanoparticles brings about a drastic change in the magnetic
properties.2 Up to now, only the change of coercive force of
FePt and CoPt nanoparticle ensemble, was examined.*'?
However, the observed hysteresis loops of the nanoparticles
ensemble includes magnetostatic and exchange interaction
between nanoparticles and the intrinsic magnetic property of
the particle are not recorded. Therefore, intrinsic magnetic
property such as magnetocrystalline anisotropy field
(2K,/M,) of the nanoparticle itself must be separately clari-
fied from the volume averaged magnetic properties usually
represented by hysteresis loop. Namely, both the intrinsic
and volume averaged magnetic properties should be widely
discussed in connection with structural character such as
crystalline structure {poly or single crystalline), size and
morphology. The torque magnetometry is very sensitive to
evaluate the intrinsic magnetic properties like H, and their
degree of dispersion as already proposed by present
authors.!! In Fig. 1, the rotational hysteresis loss determined
by the magnetic torque measurement for CoPt nanoparticles
synthesized by polyol method is shown against the applied
field, H. Sample A has a unigue loss maximum at 1 kOe
idefined as H,) and the hysteresis loss disappears at 31 kOe
{defined as H,} (simple extrapolation}. H,, the ficld where
loss becomes the maximum, shows the volume averaged
switching field, which s almost the same as the coercive
force of an ensemble of nanoparticles. Hy, the ficld where the
loss vanishes, shows the intrinsic magnetocrystalline aniso-
tropy field of CoPt nanoparticles. The ratio of H,/H is much
lzss than 0.5 suggests the single-phase assembly with clus-
tzring and/or multiphase assembly with a large distribution in
H,. On the other hand, sample B has two maxima at 4 kQe
and 18 kQe (denoted as H,,; and H,, respectively), and the
hysteresis loss disappears at 8 kOe and 31 kOe (denoted as
H,; and H,, respectively). The H,, corresponds with that
criginating from the CoPt nanoparticles as mentioned above,
and the H,, with that from Co nanoparticles. H,,/H;, and
Hy2/Hy,y values of 0.5, in this case, suggest that the isolated
CoPt with H,; and Co nanoparticles with F,, with three
dmensionally random distribution of easy-axis of magneti-
zation coexist. Therefore, the torque magnetometory can be a
rowerful too] for investigating the intrinsic magnetic proper-
tes of nanoparticles and their dispersion state.

Within the framework of the present paper, the atomistic
ordering process of FePt nanoparticles in connection with
intrinsic magnetic properties, size, morphology, crystalline
sructure (poly or single crystalline), the change in the degree
of ordering, composition, and its dispersion state is precisely
investigated as a function of reaction temperature and aJso
the annealing temperature using FePt nanoparticles synthe-
szed by the modified pelyol method.

PROOF COPY 437510JAP
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FIG. 1. Rotational hysteresis loss curves at room temperature for CoPt
nanoparticles.

Il. EXPERIMENTAL PROCEDURE

Specificd amounts of Fe acetylacetonate (Fe(acac);) and
Pt acetylacetonate (Pt{acac);) precursors were dissolved in
100 m! of glycol (ethylene glycol (EG) and tetraethylene
glycol (TEG)) in a reaction vessel with a reflux attachment.'?
Then, placed in a mantle heater and heated at a constant rate
under gentle mechanical stirring and the suspension was re-
fluxed for three and a half hours at specific temperatures
between 473 K and 573 K. During this stage, generally, the
pale yellow colored solution tumed colorless and finally
black suggesting the formation of FePt nanoparticles. The
FePt particles thus produced were recovered by centrifuging
the suspension and stored in methanol. FePt nanoparticles
synthesize at 473 K, which were fixed on a Si substrate usin
[3-(2-aminoethlyamino)propyi]trimethoxysilane (APTS),
were annealed in a vacuum furnace (~107® Torr) for 30 min
in the temperature range from 573 K to 1073 K. The crystal-
line structure, morphology and composition of as-prepared
FePt nanoparticles were analyzed using x-ray diffraction
(XRD) with a Cu-X, line, high-resolution transmission elec-
tron microscopy (HRTEM—Hitachi HF2000), TEM-energy
disperse x-ray spectroscopy (EDX). The phase transition
temperature of as-synthesized FePt nanoparticles was ana-
lyzed using differential scanning calorimetry (DSC) in N,
atmosphere from 323 Kw 973 K at a heating rate of
20 K/min. Hysteresis loops were measured using a super-
conducting quantum interference device (SQUID) magneto-
meter with maximum applied field of 50 kOe and the rota-
tional hysteresis loss of magnetic torque was measured using
a torque rmagnetometer at room temperature with a maxi-
mum applied field of 25 kOe for evaluating the intrinsic
magnetic anisotropy field () of the nanoparticles.

i1, RESULTS AND DISCUSSION: STRUCTURE AND
MAGNETIC PROPERTIES OF FEPT
NANOPARTICLES

A. Reaction temperature dependence

By manipulating the reaction parameters, that is, types of
polyol, reaction temperature and metal ion concentration
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FIG. 2. Reaction temperature dependence of average grain diameter and

tetragonality of FePt nanoparticles synthesized by the modified polyol
method. The solid lines are guides to the eyes.

{polyol/Pt mole ratio), on the basis of the premises that slow
kinetics of the reaction would give ordered FePt nanopar-
ticles. Thus, we tried to synthesize FePt nanoparticles by
using ethylene glycol (EG). The as-synthesized FePt nano-
panticles having Fe composition ranging between 40 and
60 at %, which was determined by TEM-EDX analysis, were
of chemically disordered fee structure with an average crys-
tallite size of 3-4 nm. The phase transformation tempera-
ture, T, from disordered fec to ordered L1, structure deter-
mined by DSC measurement was about 573 K under
optimum experimental reaction condition. Based on these re-
sults, it was found to be difficult to make the L1, phase
successfully because of lower boiling point of EG than T,
Thus, as a next step, we tried to directly synthesize the L1,
FePt nanoparticles utilizing tetraethylene glycol (TEG)
whose boiling point is higher (600 K) than 7,. Furthermore,
in the TEG case, the reaction rate can be expected to be
slower compared with the EG case. As a result, XRD profiles
revealed that the (001} and (110) peaks originating from the
L1, phase were clearly observed above 553 K, indicating
that the significant degree of L1, ordering.

Figure 2 shows the changes of average grain diameter,
tG.D.) determined by the Scherrer’s equation and tetragonal-
ity, ¢/a of FePt nanoparticles from (200} and (111} peak
positions of the XRD data as a function of the reaction 1em-
perature, T,. The {G.D.} value increases from 2 nm at 473 K
10 ~4 nm in the temperature range of 543-593 K with in-
creasing T, The tetragonality, c¢/a shows around 0.98, which
is larger than that of bulk value of 0.964.'* This suggests the
rartial L1, ordering of as-synthesized FePt nanoparticles.
Figure 3 shows the TEM images of the FePt nanoparticles in
i's as-synthesized state as a function of reaction temperature
(T,). From these results, FePt nanoparticles with diameters

FG. 3. TEM images of FePt nanoparticles synthesized at {a) §33 K. 1b)
533 K, and {c} 593 K.
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FIG. 4. Reaction temperature dependence of magnetocrystalline anisotropy
field of FePt nanoparticles. The dotted lines are guides to the eyes.

ranging between 5-10 nm were observed, which were seri-
ously coalesced with each other. This coalescing behavior
always appear in the reaction temperature range between
533 K and 573 K.

Figure 4 shows the reaction temperature dependence of
the intrinsic magnetocrystalline anisotropy field (H,) of the
as-synthesized FePt nanoparticles evaluated from torque loss
analysis. From this result, A, shows an abrupt increase from
3.5 kOe to 31 kOe at around 550 K. The high A, value in-
dicates the L1, phase formation of FePt nanoparticles above
550 K. The value of ¢/a in Fig. 2 does not reach to the bulk
value of L1, phase above 550 K. Thus, the values of H;
~3.5 kOe and ~31 kOe can be explained in terms of partial
L1, ordering of FePt nanoparticles. The values of H,/H, are
much less than 0.5 due to a strong exchange coupling be-
tween the FePt nanoparticles in the reaction temperature
range from 553 K to 593 K| suggesting the serious coales-
cenice of FePt nanoparticles as supported by the TEM obser-
vation in Fig. 3. In order to make further discussion of the
L1, ordering mechanism much clearer, in the next section,
size, morphology, and crystalline structure of well-dispersed
FePt nanoparticles are precisely investigated as a function of
annealing temperature in connection with the magnetic prop-
erties,

B. Annealing temperature dependence

Figures 5(a} and 5(b) show TEM images of FePt nano-
particles synthesized at 473 K by meodified polyol method
and those synthesized at 560 K by conventional hot-soap
method, respectively. From Fig. 5(a), well-dispersed poly-
crystalline FePt nanoparticles with the average diameter of
~7 nm were observed, that is, each FePt nanoparticle con-
tains three to five subgrains of 2-3 nm. From Fig. 5(b), on
the other hand, single-crystalline FePt nanoparticles with the
average diameter of ~4 nm were observed. The polycrystal-
line structure of the FePt nanoparticles synthesized by the
“modified polyol methed” is found 1o be clearly different
from the single-crystalline structure of those by the hot-scap
method. This significant difference in the morphology of the
nanoparticles can be explained in terms of the difference of
the reaction condition between modified polyol method and
hot-soap one. Especiaily, the absence of surfactant during the
synthesis of FePt using the modified polyol process is con-
sidered to be the reason for the formation of the agglomer-
ates consisting of three-to-five subgrains, This was confirmed
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FIG. 5. TEM images of FePt nanoparticles synthesized by (a) modified
polyol method and (b} hot-soap method.

by synthesizing FePt nanoparticles in the presence of varying
amounts of oleic acid. The degree of agglomeration was a
function of surfactant concentration and could be avoided by
using appropriate amount.

Figure 6 shows the changes of average grain diameter,
{G.D.) determined by the Scherrer’s equation, tetragonality,

1.0
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HG. 6. Annealing temperature dependence of average grain diameter, tet-
rigonality, and order parameter of FeP1 nanopanicles synthesized by the
rodified polyol method (circle symbols) and hot-sozp method (triangle
symbols}),
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c/a of FePt nanoparticles from (200} and (111} peak posi-
tions of the XRD data and order parameter S [relative inten-
sity of Iy ,0)/1131)] by annealing. The (G.D.) value monotoni-
cally increases from 2 nm at 573 K to 12 nm at 1073 K with
increasing anncaling temperature, T,. The {G.D.} value of
2 nm for as-synthesized FePt nanoparticles is roughly same
as the subgrain size obtained from the TEM observation in
Fig. 5(a). The (G.D.) value at 873 K is almost same as the
average particle diameter of 7 nm obtained from the TEM
observation. Our recent study on a self-assembled array of
FePt nanoparticles fixed on the APTS layer revealed that the
coalescence between nanoparticles was minimal during the
annealing process and that the APTS acts as a antisintering
material even at 873 K.'> Therefore, the increment of (G.D.)
against T, can be interpreted in terms of two kinds of grain
growth mechanisms dependent on annealing temperature
range. One is intraparticle recrystallization seen below
873 K through the atom diffusion process at grain boundary
within each nanoparticle and the other interparticle sintering
above 873 K due to coalescence of the nanoparticles with
each other. On the other hand, the tetragonality, c¢/a gradu-
ally decreases from 0.99 at 573 K and above 773 K mono-
tonically to 0.96 with increasing T,. The value of c/a at
573 K is smaller than that of disordered fce phase (1.00) and
c/a at 1073 K is almost same as that of L1, bulk value of
0.964." This indicates the partial L1, ordering starts even at
573 K and is gradually promoted with increasing T,. The
order parameter, § shows an abrupt increase from 0 at
773 K10 0.83 at 873 K and increases to 0.92 at 1073 K.
Below 773 K, the (110) peak originating from the L1, phase
is undetectable due to the small size of the particle. On the
contrary, in the hot-soap case, the size of the nanoparticles
determined by TEM and (G.D.) by XRD is the same (4 nm),
and furthermore the particle morphology is single crystalline.
{G.D.) of 4 nm at 873 K increases to 7 nm at 1073 K due to
interparticle sintering. In accordance with this increment of
{G.D.), c/a relatively reduces from 1 to 0.954. These results
suggest that for the FePt nanoparticles synthesized by modi-
fied polyol and hot-soap methods, chemically atomistic or-
dering from fcc to L1y has a strong correlation with the
particle size. The detailed mechanism will be discussed in
the next section in connection with the change of magnetic
properties as mentioned in the following paragraph.

In Fig. 7, the values of H, and H,/H, at 300 K evaluated
from the rotational hysteresis loss analysis of torque magne-
tometry and the saturation field {denoted as ) at 5 K from
the magnetization curve are shown as a function of T, As T,
increases, the abrupt increase in H, is observed from O
(<773 K) to 40 kOe (773 K—-1073 K}. On the other hand,
H_, measured at 5 K gradually increases from 15 kOe with
inereasing T, and shows a saturation value of 40 kOe. This
suggests the partiat L1, ordering of the FePt nanoparticles
even in the low temperature range of 573 K-773 K, which
corresponds with the result of ¢/a as shown in Fig. 6. Based
on the Arrthenius—Néel model, assuming that the magnetiza-
tion of FePt nanoparticles at 7,=1073 K is the same as that
for the bulk value, the value of K, V/kzT<4.8 can be ob-
tained for the FePt nanopanticles anncaled in the temperature
range of 573 K-673 K. In order to observe the ferromag-
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FIG. 7. Annealing temperature dependence of H,, H,/H, at 300 K (open
symbols) and H,,, at 5 K {solid symbols} of FePt nanoparticles.

netic behavior of magnetic nancparticles, on the other hand,
the relaxation time for the magnetization reversal should be
much longer than the observation time scale of magnetic
measurement (~100 s), which means K, V/kgT>25. The
smaller value of K, V/kpT<C4.8 indicates the superparamag-
netism at 300 K. Therefore, the observed abrupt change in
H,at T,=773 K can be interpreted as the superparamagnetic
contribution originating from partial L1, ordering of FePt
nanoparticles, which suppresses the gradual change of H,.
H, of 40 kQOe is much smaller than the bulk value of
116 kQe. The smaller value of H, can be explained in terms
of chemical composition fluctuation of FePt nanoparticles.
From TEM-EDX analysis in Table I,'* high composition
fluctuation of FePt nanoparticles synthesized by the hot-soap
method appears in the local area containing the number of
analyzed particle less than 10, whereas the averaged chemi-
cal composition is almost the same as the stoichiometry from
t-ray microprobe analysis (XMA) within the wide area con-
taining more than 10® particles, As a consequence, Pt-rich
and Fe-rich FePt nanoparticles shows the small H,.'®
H,/H, shows a gradual change from 0 to 0.2 with in-
creasing T, from 573 to 873 K and reaches to saturated
value of 0.45 above 973 K. This value is almost same as that
10.479) for the ideal coherent rotation of magnetizations with
ID random distribution of easy-axis of magnetization in each
FePt nanopaniclc.” A smaller value of H,/H, less than 0.5 is
the consequence of the contributions of a large switching
ileld distribution due to either an exchange coupling between

TABLE I. Chemical composition of FePt naonparticles synthesized by the
a0t-soap method.

The number of Fe Pt
analyzed particles (at %) (at %}
XMA 2108 48 52
TEM-EDX <10 472 523
443 55.7
438 56.2
38.8 61.2
30.6 694
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FIG. 8. Hysteresis loop at 300 K of FePt nanoparticles after annealing at
1073 K.

subgrains in each FePt nanoparticle and/or partial L1, order-
ing in each FePt nanoparticle emsemble.

In Fig. 8, the hysteresis loop at 300 K of FePt nanopar-
ticles after annealing at 1073 K is shown. For the case of
ideal coherent rotation of magnetizations with 3D random
distribution of easy-axis of magnetization, H_/H, is expected
to be about 0.48. However, the coercive force observed ex-
perimentally is 8 kOe in spite of H,/H,~0.5, which is com-
pletely smaller than the expected value of about 20 kQOe.
This huge discrepancy arises from the large chemical com-
position fluctuation of FePt nanoparticles as shown in Table
I. The existence of a relatively soft-magnetic phase observed
in the magnetization behavior at low field range ~1 kQe is
reasonably understood by the chemical composition fluctua-
tion. Furthermore, from our recent analysis of residual mag-
netization, we could separately evaluate the switched com-
ponent of magnetization from the rotational one and obtain
residual coercivity, H., of 13 kOe, which was larger than A,
and still lower than that expected from H,/H,~0.5. Thus,
the lower H, value of 8 kOe can be explained in terms of not
only large chemical composition fluctuation but also rota-
tional mode of magnetization reversal process, which may be
due to magnetostatic interaction between FePt nanoparticles.
Therefore, to obtain much higher #, and f, of FePt nano-
particles, more precise control of chemical composition in
each nanoparticle is indispensable in future work.

C. L1, ordering mechanism of FePt nanoparticles

We will here discuss the L1, ordering mechanism of
FePt nanoparticles. From Figs. 6 and 7, as T, increases, the
{G.D.} value monotonically increases and c/a begins to de-
crease at 573 K towards the bulk value of the L1, phase,
which corresponds with the increase in A, as mentioned in
the previous section. This may suggest some correlation be-
tween (G.D.) and L1, ordering, namely size dependent or-
dering process, In Fig. 9, H,,,, ¢/a and § are plotted against
{G.D.). A recent experimental work on FePt granular films
has proposed'® that some critical diameter around ~5 nm
exists for the thermodynamical L1g ordering of FePt par-
ticles as also plotted in the result of ¢/«, below which the
L1, ordering cannot take place. The coercive force, in addi-
tion, was not obscrved at 300 K below 4 nm, which was



PROOF COPY 437510JAP

1-6 Takahashi et at

1.0
0.8
0.6
0.4
0.2

0

 aee i\l/ Granutar films
hY

1.00+ 4

0.98 D_-D-\ 1
L1, bulk *

0.96[% 0964 hommme ™o g

cla

401 -
30 ]
201 -
10} -
0 ) B
0 5 10
G.D. {nm)
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the results of FePt granular film reported in Ref. 17.

interpreted as superparamagnetic behavior of disordered fcc
FePt nanoparticles. Thus the partial L1, ordering of the FePt
nanoparticles could not be identified in the small size range
below 4 nm. On the other hand, in the present experiment in
Fig. 9, the gradual increase in H, at 5 K and decrease in c/a
are found even in the small size range of 2—5 nm. This result
suggests that the L1, ordering is gradually promoted with
increasing {G.D.} and the evidence for the existence of the
critical diameter for the thermodynamical L1, ordering is not
observed in the size range above 2 nm. That means, the
eradual change of H, may be due to insufficient annealing
ime for completing the second order phase transition from
fce to L1y phase accompanied with atom diffusion process of
Fe and Pt atoms and/or intrinsic partial L1 ordering of FePt
ranoparticles. The latter partial ordering mechanism in the
FePt nanoparticles will be supported by a recent Monte Carlo
simulation study of thermodynamic phase transition of the
FePt nanoparticle, where the L1 ordering partially occurs in
the FePt nanoparticle with the diameter of 3.5 nm.'?

We will focus on the correlation between particle mor-
phology and ordering mechanism. From Fig. 6, the (G.D.)
increases monotonically via the recrystallization of subgrains
in each FePt nanoparticle in the low annealing temperature
range and sintering of the FePt nanoparticles in the high
annealing temperature range. On the other hand, in the case
of FePt nanoparticles synthesized by the hot-soap method, as
T, increases, {(G.D.} and ¢/a remained unchanged even after
mnealing at 873 K as is shown in Fig. 6, and then at 1073 K,
the {G.D.) became larger (7 nm) due to interparticle sintering
and c/a reached the bulk value of the L1, phase. Thus, the
r:crystallization of subgrains in each FePt nanoparticles and
sintering of FePt nanoparticles strongly correlates with the
L1, ordering of FePt nanoparticles. The L1, ordering oc-
curred by a phase transition over the free energy barrier
height by thermal activation from nonequilibrium foc phase
ts thermal equilibrium L1, The barrier height strongly de-
rends on the atomic scale structure such as grain boundary,
vacancy, and impurity, which brings about reduction of the
height compared to that for a perfect single crystalline struc-

Hsat (kQe)
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ture. Thus, the recrystallization and sintering process can be
a driving force for promoting the L1, ordering and hence, Fe
and Pt atom diffusion at the grain boundary plays an impor-
tant role to the L1, ordering of FePt nanoparticles.

IV. CONCLUSION

We have successfully demonstrated the direct synthesis
of L1, FePt nanoparticles at a low temperature of 553 K
using the “modified polyol method” without subsequent an-
nealing procedure, whose diameter and intrinsic magneto-
crystalline anisotropy field (H,) are 5-10 nm and 31 kOe,
respectively. We also found that the reaction kinetics param-
eters such as polyol/Pt salt mole ratio and type of polyol are
very important for directly synthesizing the L1y FePt nano-
particles. We investigated the size, morphology, and compo-
sition dependence of the magnetic properties of FePt nano-
particles in order to clarify the L1, ordering mechanism.
Clear evidence of the existence of the critical diameter for
the thermodynamical L1, ordering is not obtained in the size
range above 2 nm. Furthermore, the recrystallization and sin-
tering process can be a driving force for promoting the L1,
ordering, and hence, Fe and Pt atom diffusion at the grain
boundary plays an tmportant role to the L1, ordering of FePt
nanoparticles.
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Co,3Ptsy nanoparticle dispersion was synthesized by using the polyol process, and monolayer film
of the particles with [3-{2-aminoethylamino)propyl]trimethoxysilare coupling layer on a silicon
substrate was fabricated and characterized. After the film was annealed at 873 K, the Coy;Pts,
nanoparticles transformed from their as-deposited fcc phase to L1 structure. However, the resulting
¢/« ratio was only 0.993, indicating incomplete transformation. Grain size of the annealed film was
4.9 nm against 4.1 nm for the as-deposited state. The annealed film showed the presence of high
anisotropic phase with the remanence coercivity of 4.2 kOe and anisotropy field over 25 kQOe at
RT. © 2005 American Institute of Physics. [DOL 10.1063/1,1845811]

I. INTRODUCTION

In the year 2000, chemical synthesis of fcc FePt nano-
patticles and their use as the basic unit for recording media
were demonstrated.’ Most of the effort was concentrated on
either formulating the techniques to lower the phase transfor-
mation temperature (from fee to L1, phase}*™ or the direct
synthesis of Ll phase.s'6 We have previously reported the
direct synthesis of Li, FePt nanoparticles by using the
polyol process. However, further processing was very diffi-
cult because the obtained particles were not dispersible in
any solvent, since the particles were agglomerated due to the
polymerization of the polyol during the synthesis. only a few
reports on the syntheses of CoPt nanoparticles have been
described, and, in most cases, the as-synthesized CoPt nano-
particles hve been know to exhibit supermagnetism™® at
rocm temperature. Recently, a similar polyol method has
been applied to the synthesis of as-synthesized ferromagnetic
CoPt nanoparticles.® In this case, to our surprise, the polyol
does not undergo polymerization during the synthesis, and
does not hinder dispersion. In this article, we report the
structural and magnetic properties of monolayer film of the
CoPt nanoparticles.

ll. EXPERIMENT
A, Synthesis of CoPt nanoparticles

Tetraethylene glycol {TEG, b.p. ~597 K) was used both
as solvent and reducing agent. Cobalt (II) acetylacetonate
(0.01 M} and platinum (IT) acetylacetonate (0.01 M) were
usel as the cobalt and platinum sources, respectively, The
solution was heated to 563 K and refluxed for about 3 h and
30 min, respectively. The black solution was subsequently

“Elextronic mail: jeva® mail kankyo.tohoku.ac.jp

002:-8979/2005/97(10¥/1/0/$22.50
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cooled down to room temperature, centrifuged, and washed
with ethanol to collect the CoPt nanoparticles.

B. Fabrication of CoPt nanoparticles monolayer film

The CoPt nanoparticle monolayered film was fabricated
as follows: an oxidized silicon wafer was immersed into a
toluene  solution of [3-(2-aminoethylamino)propy 1]tri-
methoxysilane (APTS) [0.10% (v/v)] for 10 min and then
rinsed with toluene, dried, and baked at 120 °C in an oven
for 30 min; subsequently, the APTS-derivative substrate was
treated with a hexane dispersion of the CoPt nanoparticles
{1 mg/mL) for 10 min, followed by rinsing with hexane and
dried, yielding a APTS/(CoPt nanoparticle monolayer) bi-
layer heterostructure.'® The as-deposited film was then an-
nealed under a vacuum of 10~7 Torr at temperatures from
673 to 1173 K at 100-degree intervals 1o evaluate the crys-
tallographic features and magnetic properties.

C. Characterization

The structure, morphology, composition, and magnetic
properties of the as-prepared CoPt particles were analyzed
using x-ray diffraction (XRD) (Rigaku—Cu-K, radiation),
high-resolution transmission electron microscopy (HR-TEM,
Hitachi HF2000), TEM-energy dispersive x-ray spectroscopy
(EDX). and vibrating sample magnetometer (VSMj}, respec-
tively. The observation of the particles in the monolayered
film was carried out using a field emission scanning electron
microscope (FE-SEM., Hitachi $-5200). The anisotropy field
(H,} was measured by using a torque magnetometer {Tama-
gawa} at room temperatuwre with a maximum applied field up
to 25 kQe. In order to investigate the phase transformation
temperature (7)), differential scanning calorimetric (DSC,
Rigaku DSC-8270) studies were performed in N. atmo-
sphere. The crystallographic textures and average grain sizes
of the CoPt monolayered films were evaluated by in-plane

© 2005 American Institute of Physics
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FIG. 1. TEM micrograph of Co,;Pts; nanoparticles.

x-ray diffraction(XRD) measurements with the x-ray inci-
dent angle set at 0.25 deg. from the plane (Rigaku ATX-G
with Cu K, radiation).

ll. RESULTS AND DISCUSSION
A. Preparation of CoPt nanoparticles dispersion

The size and composition of CoPt nanoparticles were
tuned by controlling the heating rate and other experimental
conditions. The average composition was found to be
Co43Pts; by TEM-EDX analysis. The saturation magnetiza-
tion (M,) and the coercivity {H.) of the powder were
29 emu/g and 50 Oe, respectively. The large value of M|
may be due to the presence of a minor fraction of partially
ordered CoPt nanoparticles in the as-prepared state itself. In
other words, the as-prepared CoPt nanoparticles have enough
anisotropy to be ferromagnetic at room temperature, Rota-
tional hysteresis loss (W,) for the as-prepared CoPt nanopar-
ticles plotted as a function of applied magnetic field up to
25 kOe, showed an H, of about 21.4 kOe and confirmed the
presence of CoPt particles with fractionally ordered struc-
ture. DSC studies showed that the T, was about 570 K {
peakonge, temperature). Compared with the bulk CoPt alloy,
T, was reduced by about 525 K without doping any third
elements, Thus, to analyze the potential of these particles, the
as-prepared ferromagnetic CoPt particles were dispersed in
an organic solvent using either oleylamine and/or oleic acid
:s swiactants. The appropriate ammounts of surfactants were
introduced into the CoPt—polyo! suspension. Subsequently,
the suspension was agitated for 10 h using a mechanical
shaker. Then, a nonpolar solvent such as hexane was added
to the suspension and agitated further. During this process,
the particles got coated with the surfactants and were trans-
fared from the polyol medium to hexane. The TEM imucro-
graph of the dispersed particles is shown in Fig. 1. The par-
teles were nearly spherical in shape and the average particle
size was about 7 nm with £2.5 nm size distribution,

B. CoPt nanoparticles monolayer film

The in-plane XRD for the as-deposited and 8§73 K an-
n’aled CoPt nanoparticles monolayered films are shown in
Fig. 2. Furthenmore, the observation of chemically ordered
L, (I 10} superlattice reflection was realized for the sample
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FIG. 2. In-plane XRD of the as-deposited and 873 K annealed Coy;Pisy
particles.

annealed at 873 K in vacuum. The ¢/a ratio, calculated using
the {111) and (200) peaks, was 0.9926 as compared to the
value of 0.9732 observed for complete ordering. Note that
unlike in the case of FePt particles synthesized by the [BM
method where the super lattice peaks began to appear only at
temperatures as high as 1073 K.'*'! The FE-SEM of the
monolayer film annealed at 873 K is shown in Fig. 3. The
grain diameters of the nanoparticles film were calculated us-
ing the Scherrer’s equation using the full-width at half-
maximum {FWHM) of the (111} peak. This suggested that
the growth of the particles through coalescence has been re-
stricted and the average diameter was 4.9 nm as compased to
4.1 nm for the as-deposited case. This increase may be due
either to the slight sintering of the particles in the film or to
the transformation of the polycrystals, which is the case for
the particles synthesized in tetracthylene glycol, to single
crystal.

C. Magnetic properties of CoPt nanoparticle
monolayer film

The in-plane hysteresis loops of the as-deposited CoPt
nanoparticle monolayer film at room temperature and 5 K
are shown in Fig. 4. The film showed a coercivity of about
20 Oe (slightly different from the data of the powder) at RT;
however. the coercivity at 5 K was about 730 Oe. This sug-
gested that the particles are superparamagnetic at RT and
was consistent with the fee structure. The hysteresis loops of
the 873 K annealed film measured at RT and 5 K are shown
in Fig. 5. The 873 K annecaled film showed a coercivity of
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FIG. 3. FE-SEM of the monolayer CoyPty; film annealed at 873 K.
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about 160 and 1900 Oe at RT and 5 K, respectively. This
suggested that most of the particles are superparamagnetic at
RT. However, this was inconsistent with the crystallographic
data, which suggested the presence of a high, anisotropic
ordered phase. Thus, to investigate the presence of L1, phase
in the CoPt panicle film annealed at 873 K, in-plane mea-
surements of the remanence coercivity (H,,) and the intrinsic
magnitude of the magnetic anisotropy field, H,, were mea-
sured. The DCD curve measured with a saturation field of
50 kOe recorded an H,, value of about 4200 Oe at RT (Fig.
5). This suggested the presence of at least iwo phases with
low and high anisotropies in the film. The H, value was
evaluated to be above 25 kOe and confirmed the presence of
kighly anisotropic phase as shown in Fig. 6. The reason for
the existence of the low anisotropy phase can be due to the
distribution of ordering. This can be due to the variation in
composition between particles and/or particle size. Though
the overall composition of the particles was Cog3Ptss, we
could observe particles rich in cobalt. Note that the fraction
of such particles was small. The other possible reason is the
dependence of phase stability on particle size, Recently, it
was claimed that the fee structure is stable when the particle
diameter of FePt is less than 4 nm in FePt/ALO; and
FePt/Si0, granular films.'* Hence, it is believed that the

10
. e v
g ost A
§° v
4 A
Y
& i
= S .
E LT | —— Hysteresis (RT)
£ 03 Lol - Hyderesis (5K)
== .- | —= DCD{RT)
qol o
220 .10 0 10 20

Applied maganetic field (kO¢)

FIC. 3. In-plane hysteresis loop and DCD curve of the §73 K-annealed
Co.;Pts; monolayer film measured a1 300 and 3 K.
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FIG. 6. Rotational hysteresis loss curve of the 873 K-annealed CoysPts,
monolayer film measured at RT.

synthesis of CoPt with average diameters greater than 7 nm
with narrow size distribution could be a potential candidate
as these particles synthesized through polyol process are eas-
ily dispersible compared to FePt nanoparticles synthesized
by similar route.

IV. CONCLUSIONS

Ferromagnetic 7 nm CoPt nanoparticles were prepared
by using the modified polyol process. The monolayer film of
CoPt nanoparticles was fabricated by the application of
APTS as a coupling layer. The grain growth was well con-
trotled even after annealing at higher temperatures, The pres-
ence of the highly anisotropic L1, nm phase was confirmed
by x-ray and rotational hysteresis loss analyses.
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The Ni nanoparticles with fcc or hcp phases have been synthesized in tetraethylene glycol by using
the modified polyol process. The crystal structure has been controlled by changing the polyol/Ni
mole ratio and the reaction temperature, The saturation magnetization of the as-prepared particles
depends on the relative volume fraction of the hep phase. The x-ray diffraction and extended x-ray
absorption fine structure studies suggest the formation of pure fcc and hep Ni phases. The hep Ni
particles show nonmagnetic behavior and thermally stable below 673 K. © 2005 American Institute

of Physics. [DOI: 10.1063/1.1851951]

I. INTRODUCTION

Nickel (Ni) is a ferromagnetic metal that crystallizes in
fec structure with a lattice parameter of 0.352 nm. Nickel
films are widely used in electronics, chemical cells, battery,
and in aerospace industry applications due to their ability to
withstand corrosion and high temperatures. Though Ni is
said to crystallize into fec and hep structures, hep-Ni has
never been found in nature and the synthesis of hep-Ni re-
ceived a great deal of attention in the past. However, there
are only a few reports in the literature on the synthesis of hep
Ni using different technigues. The layers or powders of close
packed hexagonal Ni have been electrolytically prepared
nearly eight decades ago.'? And also, nickel acetyl acetonate
has been reacted with K/B alloy in an inert atmosphere to
prepare hep Ni powde:‘.3 In most of the methods, hep-Ni was
produced by inducing the formation through the use of sub-
steate or by introducing defects.*® Furthermore, there are
contradicting theoretical reports® on the magnetic properties
of hep Ni. Here, we discuss the synthesis of Ni particles with
two different crystal structures namely fcc and hep by using
modified polyol process along with their thermal stability
and magnetic properties.

Il. EXPERIMENT

The experiments were carried out using nickel acetate
tetrahydrate [(CH,COO0)sNi.4H,0, 99%, Wako] as a metal
precursor. Specified amounts of metal precursors were intro-
duced into 100 ml of either tetracthylene glycol (TEG) or
trimethylene glycol (TMEG) and ultrasonicated for 5 min to
dissolve the metal precursors. Then, the solution was trans-
femed to a vessel with reflux attachment and placed in a

% Electronic mail: chins@cir.tohoku.ac jp
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mantle heater and heated to the boiling point of the solvent at
a constant rate under gentle mechanical stirring. During this
stage, metal precursor undergoes dissolution and is reduced
to metal ions, and then the formation of nucleus and particle
growth takes place. The Ni nanoparticles with fcc or hep
phases have been synthesized by varying the polyol/Ni mole
ratio and the reaction temperatures.

The crystallographic phase of the particles was analyzed
using x-ray powder diffraction (XRD) (Rigaku—Cu K, ra-
diation} technique. The morphology of the particles was ex-
amined by a direct observation via scanning electron micros-
copy (SEM) (Hitachi S-4100). The saturation magnetization
(M) of the particles were measured at RT in a maximum
applied field of 15 kOe using a vibrating sample magneto-
meter (Tamakawa model TM-VSMI1230-HHHS) and wher-
ever required with a superconducting quantum interference
device magnetometer. The extended x-ray absorption fine
structure (EXAFS) measurements at Ni-K absorption edge
(8333 eV) were carried out by R-XAS Looper (RIGAGU
Corporation) with fluorescence mode. Ti foil was kept before
the sample in erder to monitor incident x-ray intensity (/;) by
detecting the Ti-K fluorescence. The samples were put as a
thin layer on a scotch tape. Fluorescent x-ray intensity (/)
from the sample and Ti foil (J;) was detected by scintillation
counters.

[lIl. RESULTS AND DISCUSSION

A. Structural characterization and magnetic
properties

In polyol process, the metal particles are formed by the
reduction of metal ions by polyol. Though the synthesis of
metal particles with different crystal structures and particle
diameters are possible using various types of polyol. we con-
fine 1o TEG and TMEG only in this article. A series of ex-

© 2005 American Institute of Physics
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FIG. 1. (a) The SEM micrographs of Ni particles, (b) The relation between
the Ni Metal ioh concentration and magnetization of the Ni Particles syn-
thesized in TEG at 473 and 563 K. (¢} XRD patterns of the various phases
of Ni particles.

periments were first carried out at 473 K in TEG for various
ruckel ion concentrations. The SEM micrographs of the
samples synthesized with 0.02 and 0.0025 M nickel ion con-
centrations at 473 K are shown in Fig. 1(a). The presence of
the agglomerated particles was observed for both the high
and low concentrations and the size of the agglomerates de-
creased with decreasing metal ion concentration. The ob-
served decrease in the size of the agglomerated particles is a
consequence of low collision probabilities at lower nickel
icn concentration. Besides, a decrease in the size of the par-
ticles that go to form these aggregates was also observed.
The saturation magnetization (M) values of the Ni particles
synthesized at 473 and 563 K for various Ni ion concentra-
tions are shown in Fig. 1(b). The M, decreased {compared
with the bulk value of 55 emu/g)} as the nickel ion concen-
tration was reduced, indicating an increase in the relative
volume of the nonmagnetic fraction from 0.17 at 0.02 M 1o
042 at 0.0025 M. The hysteresis loop of the fcc phase-
deminant sample obtained from the reaction at 473 K for the
002 and 0.0025 M nickel ion concentrations are given in
Fiz. 2. The decrease of magnetization suggests that the non-
magnetic volume fraction increases with the decrease in the
nizkel ion concentration.

Figure 1(c) shows the XRD patterns of the samples syn-
thesized with 0.02 and 0.0025 M of nickel ion concentra-
tiens in TEG at 473 K. When the crystal structure of these
paticles were analyzed. the particles synthesized with
0.)J025 M of nickel, showed diffraction lines characteristics
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FIG. 2. The hysleresis loops the Ni particles synthesized in TEG with 0.02
and 0.0025 M nickel ion concentrations at 473 K.

to (010} and (002) lattice reflections of hep-Ni. It should be
noted that the main peak (011) of hcp-Ni coincides with that
of the fec Ni (111). Thus, the presence of (010} and (002)
reflections is seen only when the relative volume fraction of
the hep phase is more than 0.45.

If the hcp phase can be induced by controlling the par-
ticle size, this can also be achieved either by using highly
reducive polyol or reacting at higher temperatures. As
TMEG is verified to be highly reducive, synthesis of Ni par-
ticles in TMEG at a nickel ion concentration of 0.0025 M at
473 K was carried out. The particles with diameters ranging
between 60 and 80 nm were obtained. Furthermore, the mag-
netization of these particles was 32 emu/g, and suggests the
presence of large amount of nonmagnetic fractions. Further-
more, the XRD showed the diffraction lines corresponding to
hep-Ni. However, pure nonmagnetic particles or disappear-
ance of the reflections comesponding to fcc structure was not
realized. Thus, the synthesis of particles at high temperature
was attempted. As the boiling point of TMEG is about
483 K, the synthesis of Ni particles was carried out in TEG
{boiling point ~593 K) at 563 K. The M, of the Ni particles
synthesized at 563 K with various nickel ion concentrations
are presented in Fig. 1(b}. In these experiments also the mag-
netization of the samples decreased as the nickel ion concen-
tration was lowered. Furthermore, compared to the samples
synthesized at 473 K, the M, values were lower for all nickel
ion concentrations experimented at 563 K. Especially for
0.0025 M, the particles are found to be nonmagnetic and this
is a clear evidence for the nonexistence of fec Ni phase. The
SEM micrograph showed the particle size was approximately
between 100 and 150 nm as shown in Fig. 1(a). As the syn-
thesis temperature of hcp-Ni depended on the particle size,
further reduction in particle diameter was attempted by in-
troducing a nucleating agent, such as platinum.

The hep-Ni particles with diameters ranging between 50
and 60 nm was synthesized by introducing small amount of
Pt ions as seeds in TEG. Though the particles were fec in
structure at 433 K, it transforms to hcp-Ni completely at
temperatures 563 K even for 0.01 M of nickel ion concen-
tration.

Though. the appearance of reflections corresponding to
hcp-Ni structure was recorded at the concentration as high as
0.01 M and temperatures as low as 473 K, the complete dis-
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appearance of the diffraction lines comesponding to fec
structure was possible only for the Ni metal ion concentra-
tion of 0.0025 M at 563 K [Fig. 1{c)]. The particles synthe-
sized under this condition were totally nonmagnetic. In a few
cases, the nonmagnetic nature has been suggested the forma-
tion of Ni;C. However, our XRD peak intensities did not
match with NiyC and well fitted with hep-Ni (JCPDS 45-
1027) structure.® The formation of hep-Ni phase was further
confirmed by EXAFS analysis.

The 1;/1, ratio versus incident x-ray energy of the fcc
and hep-Ni particles are shown in Fig. 3. The difference
between the two samples is recognized obviously in shape of
oscillation. The difference is seen more clearly in the period
of the EXAFS oscillation, which obtained by weighing of &3
toward y(k} extracted from the measured XAFS spectra. The
fourier transform of k3y(k} spectra reflects the environmental
atomic distribution around the absorbing atom of Ni. As
shown in Fig. 3, interatomic distance of the first nearest
neighbor shell in the hep-Ni is farther than in fec-Ni. In
acdition, width of the correlation peak is larger. These fea-
tures suggest that the distance between nearest neighbor
Ni—Ni pair correspond to 0.248 nm of fcc or 0.265 nm of
hep Ni and variation of the distance is due to the deviation
from ideal hexagonal close packing in hep-Ni. The FEFF (an
ab initio theoretical code) calculations’ may provide further
information about the local structure of hep Ni.

B. Thermal stability

Though the hep-Ni phase was stable at 563 K in polyol,
their temperature stability was determined by ex situ anneal-
ing under an inert atmosphere. The pure nonmagnetic hcp
nickel sample was annealed at 673 and 773 K. Though the
transformation of the bulk hcp to fcc phase has been
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FIG. 4. The XRD panemns of the hcp Ni nanoparticles synthesized with
0.0025 M nickel ion concentration in TEG at 563 K were extemally an-
nealed at different temperatures.

reported’ to be around 673 K, the magnetization of the
present sample annealed at 673 K for an hour is only
15.5 emu/g. This suggests that only less than 30% of the
particles are converted to the fce phase. On the other hand,
the magnetization of the sample annealed at 773K is
52 emu/ g, which indicates that the hcp particles are unstable
at this temperature. The intense diffraction lines correspond-
ing to the hep phase (010), (002) disappeared in the sample
annealed at 773 K as shown in Fig. 4.

IV. CONCLUSION

In conclusion, a comparatively easy and reliable method
to synthesize fcc and hcp-Ni nanoparticles has been pro-
posed. The primary particle size has been found to play a
decisive role on the crystal structure of the particles. How-
ever, the reaction temperature is also found to influence the
critical grain size for the hep-Ni. The hep-Ni nanoparticles
show nonmagnetic behavior and thermally stable below
673 K.
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Abstract

FePt nanoparticles were prepared via the coreduction of platinum and iron acetyl acetonate precursors in
tetracthylene glycol at various temperatures. The X-ray diffractogram of the as-synthesized FePt nanoparticles at
temperatures above 573K exhibited {00 1) and (110) superlattice reflections. TEM-EDX studies revealed that the
average particle diameter was 5 nm with nearly equiatomic composition. The saturation magnetization and coercivity at
room temperature (RT) were found to be 50 emu/g and 2.1 kOe, respectively. The high anisotropy field of about 32 kOe
and magnetic ordering at RT revealed the presence of the highly anisotropic L1, phase. These particles were partially
dispersed in an organic solvent using oleyl amine as surfactant. The dispersed FePt nanoparticles will be useful in future

technological applications.
© 2004 Elsevier B.V. All rights reserved.

PACS: 61.46,+w; 75.50T; 75.50.Bb; 75.50.8s

Keywords: FePt nanoparticles; FePt; Dispersed FePt; FePt magnetic fluids; High coercivity

1. Introduction

Ferrofluids have received much attention in the past
due to their interesting properties, which can be used to
develop new technologies such as spin valves, hyperther-
mia, novel inks for inkjet printers and high density
recording media {1-4]. Many possible applications of
ferrofluids necessitate two material prerequisites—high
remanent magnetization {M,) and high anisotropy (X,)
at room temperature (RT) (of the order of 105107 erg/
cm®). While the high M, is a characteristic nature of soft
ferromagnetic materials, the high K, is a feature of hard
magnetic materials like FePt and CoPt. Hence, the
preparation of bimetallic ferrofiuids with higher magne-

*Corresponding author. Tel: +810222177391; fax:
+810222177391.
E-mail address: jeya@mail kankyo.tohoku.ac.ip

(B. Jeyadevan).

tization and coercivity at RT is a challenging one.
However, most of the chemical synthesis techniques
reported so far require an indispensable post-annealing
step to obtain the highly anisotropic L1y phase of FePt
or CoPt nanoparticles, which seriously affects the
bimetallic ferrofluids preparation and impedes the
development of high-density magnetic recording media.
The FePt particles synthesized via chemical route are
reported to be superparamagnetic with a chemically
disordered FCC structure {4). The authors have already
reported that the ordering temperature and the magnetic
properties of the as-prepared FePt and CoPt nanopar-
ticles synthesized through the modified polyol process
were sensitive to the reaction conditions [5-7]. The
formation of the FCC phase or the partially ordered
L1y-FCT phase and their particle size depend on the
reaction kinetics, which is controlled by the type of
polyol, reaction ternperature and Fe/Pt mole ratio. The
simultaneous reduction is also dependent on the

0304-8853/% - see front matter € 2004 Elsevier B.V. All rights reserved.
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difference in redox potential of metal compounds.
Though the ordered FCT structure is the stable phase,
often-encountered disordered FCC structure of the as-
synthesized particles is thought to be a consequence of
the fast reaction kinetics. Therefore, this has limited the
direct synthesis of L1y FePt particles by using chemical
methods. Here, we report the direct synthesis of the
partially ordered FCT-FePt nanoparticles ferrofluids
using the modified polyol process and also its structure,
motrphology and magnetic properties. The as-prepared
ferrofluids are highly stable against oxidation.

2. Experimental

Specified amounts of Fe and Pt acetylacetonate
precursors were dissolved in 100ml of tetracthylene
glycol (TEG) in a reaction vessel with a reflux
attachment and placed in a mantle heater and heated
at a constant rate under gentle mechanical stirring, and
the suspension was refluxed for 3ih at specific
temperatures between 533 and 593K at 10K interval.
During this stage, generally, the pale yellow colored
solution turned colorless and finally black suggesting the
formation of FePt particles. Olelamine and Oleic acid
were introduced to the suspension and then particles
were transferred to the hexane medium through
liquid-liquid extraction.

The structure, morphology, composition and mag-
netic properties of the as-prepared FePt particles were
analyzed using X-ray diffraction (XRD) (Rigaku—Cu-
K, radiation), high-resolution transmission electron
microscopy (HRTEM- Hitachi HF2000), energy dis-
persive X-ray spectroscopy (EDX) in TEM and vibrat-
ing sample magnetometer, respectively. The anisotropy
field (Hy) was measured by using a torque magnetometer
at RT with a maximum applied field of 25kOe.

3. Results and discussion

The XRD analysis in Fig. 1 showed that the FePt
nanoparticles synthesized at 473K (sample A) were
FCC in structure, whereas the samples synthesized at
573K (sample B) showed (00 1) and (I 10) superlattice
lines, indicating a significant degree of L1y ordering in
the as-prepared state.

The TEM micrograph of the pre-dispersed agglomer-
ated particles of sample B is shown in Fig. 2. Though the
TEM micrograph showed particles with diameter
between 5 and 10nm, XRD analysis gives an average
grain size of about 4 nm.

The FePt nanoparticles of samples A and B were
ferromagnetic at RT. The magnetization (M) and
coercivity (K. of sample A were 15.6emu/g and
32 Oe, respectively.

Intensity (a.u.}

20 30 40 50 60 70 80
Two Theta (degree)

Fig. 1. X-ray diffraction patterns of the FePt nanocparticles
synthesized at 473 and 573K in TEG.

Fig. 2. TEM micrograph of the as prepared, pre-dispersed
partizlly ordered FCT-FePt nanoparticles.

In contrast, sample B showed the RT magnetic
properties as given in Fig. 3. The magnetization and
coercivity were 50emu/g and 2.1kOe, respectively,
whereas the particles of Sun et al. {4] exhibited super-
paramagnetism in the as-prepared state and required
annealing at Jeast at 833K for 30 min under | atm of N,
gas to become ferromagnetic. The enhancement in the
coercivity of the present sample compared to 3700e
reported in our earlier report [7] was due to the
modification in the synthesis procedure, for example,
by controlling the reaction rate, particle size distribu-
tion, ete. The moderate value of 2.1kOe for the
coercivity of sample B could be attributed to the
magneto-static interaction as confirmed by the negative
value obtained from &M studies [7].

To confirm the formation of the highly anisotropic
FCT phase, the intrinsic magnitude of the magnetic
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Fig. 3. RT hysteresis loop for FePt nanoparticles synthesized at
513K,

anisotropy field “H," of the particles was measured by
carrying out the rotational hysteresis loss analysis. The
magnetic field obtained by extrapolating the linear part
of W, curve at high fields to W, =90, is the intrinsic
anisotropy field (H,). W, is defined as

2n
wo= ["Las
0

where L is the hysteresis loss and @ is the angle of
rotation. The Ay versus temperature plot given in Fig. 4
shows that the Ll, phase is formed under reaction
temperatures above 553 K. The A of the as-synthesized
sample at 573K was 32kQOe.

Thus, it could be concluded that the reaction
temperature of 573K is high enough to obtain FePt
particles with a considerable degree of ordering.

However, to determine the magnetic properties of
individual nanoparticles, the as-prepared FCT-FePt
particles have 10 be dispersed in a solvent. Thus, the
as-prepared partially ordered FePt particles were dis-
persed in an organic solvent using oleylamine and oleic
acid as surfactants. The appropriate amounts of
surfactants were introduced into the FePt-polyol
suspension. Then, the suspension is agitated for 10h
using a mechanical shaker. Then, a2 non-polar solvent
such as hexane is added to the suspension and agitated
further. During this process, the particles that get coated
with the surfactants are transferred from the polyol to
the hexane medium. The solid concentration in the
hexane medium can be controlled by precipitation using
bad solvent and redispersion in hexane or in any other
non-polar solvents. The TEM micrograph of the
dispersed particles and their particle size distribution is
shown in Fig. 5(a} and (b), respectively. The average
diameter of the parlicles that came into dispersion was
S+1nm and the polycrystalline nature of the particle
was confirmed. Any difference between TEM and XRD
crystallite size can be due to polycrystallinity of the

40
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Fig. 4. H, vs. reaction temperature of FePt nanoparticles (line

is a guide to the eye).

P Ear S PR IR

*m.&p ﬁ&_‘i*,nﬁ*f,t..‘.«
P oy 2 @FTae v, tn
.“" #_s *i‘;{ ¥ ? &ﬂ%:&* 4
Rata ctal gty ®a
SN MM IS LN

M R L LR
&‘,QQQQ.ET’_}F&?‘“»"“!‘
LA AR L P P
..:)'u’ ‘...&ﬂk ""’“’ﬁ .‘. ‘
!.‘:"*"L-"r*‘*’&fﬁw'@‘i%?‘v %
ol \d f‘;_f . ¥ - "
@)

80

] Dav = 5.22 nm
70 Stan. Dev. = 1.01 nm
60 [ ]

ch
Q

No. of particles
S
[=]
|

[
(=]
§
i
T
'
{
i
!
i
P
i
i
i

N
[=]

-
<

0 .
12 3 45 67 8 9101112 131415
(b) Particle Diameter, nm

Fig. 5. (a) TEM micrograph of individually dispersed
FCT-FePt nanoparticles and (b) particle size distribution.

particles. Though the particles are brought to dispersion,
the dispersed particles seem to show platinum-rich
(FesoPtsp) composition compared to the powder
(FesyPtsy). Consequently, the magnetic properties of
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the dispersion become inferior to that of the powder.
The main reason for this is the composition dependent
magnetic properties rather than the dipolar interactions
between particles. The reason for selective dispersion of
platinum-rich particles is not yet clear and is being
investigated.

In conclusion, ferromagnetic FePt nanoparticles with
diameter of about 5-10nm, and magnetization and
coercivity of 50emu/g and 2.1 kOe were obtained by
modified polyol process by using TEG. The presence of
the L1y FePt phase was confirmed by XRD and
rotational hysteresis measurement. The FePt particles
dispersion was achieved by using surfactants such as
oleylamine and oleic acid. The compositional difference
in particles between the powder and the dispersion is
being studied.
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Structural Distortions in Nanometer Particles and Their Magnetic Properties
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The magnetism of fine particles involves both size
and surface effects due to their large specific surface
area. Evidence has been accumulating that fine parti-
cles possess properties that can differ substantially
from those of bulk materials. Structural peculiarities
associated with distorted structure on the surface and
in the bulk, and peculiarities in the intrinsic magnetiza-
tion of these small particles, are the main subjects
reviewed in this paper. Magnetic hardening arising
from stress-induced anisotropy and surface anisotropy
in some ferrite particles is also discussed.

Key words: magnetic small particles, surface magnet-
ism, surface anisotropy, magnetic hardening, core-shell
model, non-collinear structure, ferrite, lattice distortion
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