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FePt nanoparticles have great application potential in ad-
vanced magnetic materials such as ultrahigh-density recording
media and high-performance permanent magnets.[l'S] The key
for applications is the very high uniaxial magnetocrystalline
anisotropy of the L1y-FePt phase, which is based on crystal-
line ordering of the face-centered tetragonal (fct) structure,
described by the chemical-ordering parameter S.* Higher
chemical ordering results in higher magnetocrystalline anisot-
ropy. Unfortunately, as-synthesized FePt nanoparticles take a
disordered face-centered cubic (fcc) structure that has low
magnetocrystalline anisotropy. Heat-treatment is necessary to
convert the fcc structure to the ordered fct structure. Several
previous theoretical and experimental investigations have
been reported on the size-dependent chemical ordering of
FePt nanoparticles."™ It has been observed that the degree
of ordering decreases with decreasing particle size of the sput-
tered FePt nanoparticles.*®! Theoretical simulation predicted
that the ordering would not take place when the particle size
is below a critical value.[*”] However, there have not been sys-
tematic experimental studies on quantitative size dependence
of chemical ordering of FePt nanoparticles due to the lack of
monodisperse L1y-FePt nanoparticles with controllable sizes.

There are also few studies reported to date on the quantita-
tive particle size dependence of magnetic properties, including
the Curie temperature, coercivity, and magnetization of the
L1y-FePt phase, although it has been well accepted that there
is a size effect on the ferromagnetism of any low-dimensional
magnets.[m’“] Additionally, the magnetic properties of FePt
ferromagnets, as observed in thin-film samples,*!? are af-
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fected by the degree of chemical ordering, which is in turn size
dependent. It is therefore highly desirable to understand the
size and chemical-ordering effects, and their influence on the
magnetic properties of the nanoparticles.

A major hurdle in obtaining the particle size dependence of
structural and magnetic properties of the L1, phase is particle
sintering during heat-treatments that convert the fcc phase to
the fct phase.m’”] This long-pending problem has been solved
recently by adopting the salt-matrix annealing technique.!">!!
With this technique, particle aggregation during the phase
transformation has been avoided so that the true size-depen-
dent properties of the fct phase can be measured. In this pa-
per, we report results on quantitative particle size dependence
of the chemical-ordering parameter S and selected magnetic
properties, including the Curie temperature, 7., magnetiza-
tion, M, and coercivity, H., with the particle size varying from
2 to 15 nm.

Figure 1 shows the transmission electron microscopy
(TEM) images of the FePt nanoparticles with different sizes
before and after annealing in a salt matrix at 973 K for 4 h.
The images, from left to right, show nanoparticles with nom-
inal diameters of 2, 4, 6, 8, and 15 nm, respectively. The upper
and lower rows are images of as-synthesized and salt-matrix-
annealed nanoparticles, respectively. As shown in Figure 1,
the particle size is retained well upon annealing. Both the as-
synthesized and annealed nanoparticles are monodisperse
with a standard deviation of 5-10 % in diameter. TEM obser-
vations also revealed that when the particle size is smaller
than or equal to 8 nm, the fct nanoparticles are monocrystal-
line, whereas the 15 nm fct particles are polycrystalline.“sl It
is interesting to see that the L1, nanoparticles, tiny ferromag-
nets at room temperature, are dispersed very well without
agglomeration despite the dipolar interaction between the
particles, if a solvent with high viscosity is chosen and if the
solution is diluted. Extensive TEM and X-ray diffraction
(XRD) analyses have proved that the technique of salt-matrix
annealing can be applied to heat-treatments of the FePt nano-
particles without leading to particle agglomeration and sinter-
ing, if a suitable salt-to-particle ratio and proper annealing
conditions are chosen.'®)

Figure 2 shows the XRD patterns of the 4 nm, as-synthe-
sized, fcc-structured nanoparticles and the particles annealed
in a salt matrix at 873 K for 2 h, 973 K for 2 h, and 973 K
for 4 h (from bottom to top), respectively. As shown in the
figure, the positions of the (111) peaks shift in the higher-an-

Adv. Mater. 2006, 18, 2984-2988



ADVANCED

S .E‘.' -
200 % ‘.’_3;9-‘;"3 o WS

MATERIALS

b “;’:i,ﬁ?'\ >
LIS

S Lo I )
$0g88s 8044
ae® "'@"‘ o
i (™ .:Q,‘"“’

Figure 1. TEM images of as-synthesized FePt nanoparticles of a) 2, b) 4, c) 6, d) 8, and e) 15 nm, and salt-annealed nanoparticles of f) 2, g) 4, h) 6,
i) 8, and j) 15 nm. The annealing conditions for a 2 nm particle are 973 K for 8 h, while those for other particles are 973 K for 4 h. The SAED patterns

are also given for 2 and 15 nm salt-annealed particles.
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Figure 2. XRD patterns of 4 nm FePt nanoparticles annealed at different
parameters. The inset gives the XRD patterns of 6, 8, and 15 nm nano-
particles annealed in salt matrix at 973 K for 4 h.

gle direction with increasing annealing temperature and time.
This shift was caused by the change of lattice parameters dur-
ing the phase transition from fcc to fct. The (001) and (110)
peaks, which are the characteristic superlattice peaks of the
ordered fct phase, developed with increasing annealing tem-
perature and time. For samples annealed at 973 K for 4 h, the
superlattice peaks (001) and (110) were fully developed, im-
plying an fcc—fct transition. The inset of Figure 2 also gives
the XRD patterns of the converted fct phase of 6, 8, and
15 nm nanoparticles annealed at 973 K for 4 h in a salt ma-
trix. The grain sizes estimated by the Scherrer formula are
about 4.7, 6.8, 8.2, and 13.3 nm for the 4, 6, 8, and 15 nm
nanoparticles, respectively, which matches the particle sizes
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very well. The relatively smaller grain size of the 15 nm nano-
particles is due to the polycrystalline morphology mentioned
above.

XRD does not give any diffraction peaks for the 2 nm FePt
particles, largely because of the lower crystallinity, strong sur-
face effects, and/or peak broadening due to the small size. Se-
lected area electron diffraction (SAED) was therefore also
used to identify the crystalline structure of the particles, espe-
cially for the smaller particles. The SAED patterns showed
that the annealed nanoparticles are L1,-fct phase if the parti-
cle size is equal to or larger than 4 nm. However, the SAED
pattern of 2 nm particles, which is given in the inset of Fig-
ure 1f, does not show (001) and (110) rings (in contrast to the
SAED pattern of the fct nanoparticles shown in Fig. 1j). This
indicates that the 2 nm FePt particles cannot be transformed
to the Lly-fct structure. We extended the annealing time to
8 h and the results remained the same. This direct experimen-
tal observation is consistent with the theoretical predictions
and is fundamentally important as well as being significant for
specific applications.[8’9] It can be concluded that when the
particle size is smaller than a critical value of around 3 nm,
chemical ordering will not take place.

To evaluate the effect of chemical ordering of the L1, phase
in a quantitative way, the following equation was used to cal-
culate the ordering parameter S~

1/2
5=0.85 {Iﬂ} (1)
002

where Ino; and Ioo, are the integrated intensities of the (001)
and (002) diffraction peaks from the XRD patterns. The long-
range S value of fct-FePt nanoparticles with different sizes,
annealed under the same conditions (973 K, 4 h), was calcu-
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lated according to Equation 1. Figure 3 shows the correlation
between S and particle size. Each experimental point was ob-
tained by measuring at least four different samples and the er-
ror bar is the standard deviation. As expected, S decreases
with reducing particle size. In the case of 2 nm FePt particles,
S vanishes because no superlattice structure can be found.
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Figure 3. The dependence of the long-range ordering parameter on parti-
cle size. The dashed line is a guide to the eye.

Figure 4 shows the hysteresis loops at 300 K of the
fct nanoparticles with different sizes. It shows that the coerciv-
ity, H,, increases with increasing particle size (d) as d<8 nm.
Giant coercivity values of up to 30 kOe (1 Oe=79.57 Am™)
have been achieved from the monodisperse hard magnetic
nanoparticles, which give the particles great potential for ap-
plications. The enhancement of H. with increased particle size
can be attributed partly to the size-dependent chemical order-
ing discussed above. However, larger particles of 15 nm have
lower H. than the 8 nm particles. This may be caused by the
polycrystalline structure, as intergranular exchange coupling
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Figure 4. Hysteresis loops of salt-annealed 4, 6, 8, and 15 nm nano-
particles.
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leads to reduced magnetocrystalline anisotropy.””! The ex-
change coupling can be further seen from the relatively high
remanence ratio M,/M> 0.5, where M, and M, are remanence
and saturation magnetization, respectively (we used the mag-
netization values at 7 T as an approximation of M;). The re-
duced coercivity may also be attributed to multiple c-axes
within a nanoparticle, which can lead to a significantly re-
duced effective anisotropy.m

Figure 4 shows that the M, values decrease with decreasing
particle size and are lower than the value for the bulk L1,
phase (1140 emucm™ (1 emucm>=1000 Am~) at room
temperature).”?! Figure 5 gives M; at 300 K plotted against
1/d. A linear correlation was obtained. However, the linearly
extrapolated M, is lower than the experimental value since
the hysteresis curve in this work is not saturated for the ap-
plied field of 70 kOe. The main reason for this linear reduc-
tion may be related to the reduced magnetization on the sur-
faces of the nanoparticles.>* !
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Figure 5. The relation between M and particle size.

It is of fundamental interest to understand the correlation
between particle size and Curie temperature of high-anisotro-
py nanoparticles. Most studies on low-dimensional ferromag-
nets reported so far are on granular thin films and nanocom-
posites where grain polydispersity and existence of matrix
materials mask the genuine size effect.””®! The magnetic-order-
ing temperatures of ferromagnets with reduced size in all
three dimensions have been little studied because of a lack of
monodisperse, ferromagnetic nanoparticles with small sizes.
This challenge has been addressed by applying the salt-ma-
trix-annealing technique, with which ferromagnetic nanoparti-
cles with high anisotropy at room temperature are obtained.
Figure 6 shows the dependence of the Curie temperature on
the fct-FePt particle size (open squares). It should be noted
that S for these points corresponds to the values in Figure 3.
We measured the magnetization M versus T in an applied
field of 1 kOe. Each point was obtained by averaging data
from at least four different samples with two M-T measure-
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Figure 6. The dependence of Curie temperature on the particle size. The
dashed line is a guide to the eye and the solid lines are made by fitting
the data.

ments for each sample. The error bar is based on the statistical
standard deviation. To prevent sintering and agglomeration of
the particles during the measurements, we kept the nanoparti-
cles in the salt matrix. 7, was determined from the intersec-
tion of extrapolations of the greatest slope and flat region
above T.. As shown in Figure 6, T, decreases remarkably with
declining particle size, especially when d <6 nm. For the 2 nm
nanoparticles, we could not obtain 7. for the fct phase since
the phase transition cannot be realized.

To understand the strong size dependence of the Curie tem-
perature, the finite-size-scaling theory was used to fit the be-
havior of 7. This theory predicts that the shift of T, from
the value for bulk materials depends on the dimension in the
following manner

Te(w) = To(d)  (d\ V"
=) (d(J) @

where T.(d) is the Curie temperature as a function of d, T(c)
is the bulk Curie temperature, d, is a constant, and v is
the critical exponent of the correlation length. By fitting the
data in Figure 6 (the open squares), T (e)=(795£10) K,
dy=(0.84+0.05) nm, and v=(0.91+0.10) were obtained. The
value of dy, which is comparable to the lattice constant,
and is the microscopic length scale, is reasonable. However,
the fitting value of v is out of the range v=(0.65+0.07) to
(0.73+0.02) predicted by the isotropic three-dimensional Hei-
senberg model.?”! In addition, T,(s) is remarkably higher
than the known T, of bulk FePt materials.”>*”) The discrepan-
cies may be due to the influence of chemical ordering on the
Curie temperature.

To distinguish the effects of particle size and chemical or-
dering on the Curie temperature, we performed 7, measure-
ments with fixed particle size of 8 nm. Samples with a series
of ordering parameters were obtained by adjusting the salt-
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matrix-annealing time and temperature. Figure 7 gives
the dependence of the Curie temperature on the ordering
parameters of the 8 nm particles. It shows that T, increases
linearly with increasing S. The data can be fitted well in the
region 0.6<5<1.0 by a linear relation 7.=T.+aS, where
Teo=(570£18) K and a=(190£20) K are fitting parameters.

800 — T

750

650 [

Experiments
— Fitting line

600 Il A Il A Il A Il A Il
0.6 0.7 0.8 0.9 1.0

S

Figure 7. The correlation between the ordering parameters and the Curie
temperature with fixed particle size of 8 nm.

This linear correlation has also been obtained for the fct parti-
cles of 4 nm. It is striking to see such strong correlation be-
tween the magnetic-ordering temperature and the chemical-
ordering parameter. Previous studies based on sputtered thin
films showed that the disordered fcc-FePt phase has a T, low-
er than that of the ordered fct-FePt phase but with a weak de-
pendence on the ordering.[lz’zgl Further work is needed to
fully understand the strong correlation in the nanoparticles.

By correcting for the ordering effect, we can obtain the real
particle size effect on the Curie temperature of fully ordered
fct-FePt nanoparticles, as represented by the solid squares in
Figure 6. The best fits of the data give T.(e)=(775+20) K,
v=(0.67%0.11), and dp=(0.90£0.10) nm. The fitted value of
v is consistent with the known value of v for magnetic systems,
which is in the range (0.65+0.07).””) The fitted value of d, is a
little more than twice the unit-cell size and is reasonable. The
fitted value of T.(e) of (775+20) K is slightly higher than the
reported 750 K for bulk fct-FePt material but the deviation is
comparable to the experimental error. The Fe-rich composi-
tion could contribute to this deviation. Thus, the dependence
of the Curie temperature on the particle size is generally con-
sistent with finite-size-scaling theory. Although in such a mod-
el only nearest-neighbor interactions are considered, in FePt
systems both long-range exchange interactions and exchange
mediated by Pt should be taken into account. Modeling ef-
forts including these longer-range interactions and the surface
effect are underway.

In summary, we have studied the size dependence of the
chemical-ordering parameter and magnetic-ordering proper-
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ties including coercivity, magnetization, and Curie tempera-
ture of fct-FePt nanoparticles. Based on the newly developed
salt-matrix-annealing technique, direct experimental evidence
has been found that the long-range ordering parameter S de-
creases with decreasing particle size d. The chemical ordering
does not occur for d<2 nm. It is also revealed that magnetic
properties including Curie temperature, magnetization, and
coercivity are strongly dependent on both the particle size
and the chemical ordering. The interplay between the size
effect and the chemical-ordering effect defines the magnetic
behavior. The shift in 7¢ can generally be described by the fi-
nite-size-scaling theory after considering the chemical-order-
ing effect on T..

Experimental

The fce-structured FePt nanoparticles with different sizes (from 2
to 15 nm) were synthesized using a chemical-solution method with ad-
justed synthetic parameters.“‘zg‘”] The fcc particles were then mixed
with ball-milled NaCl powder in hexane or another organic solvent
with the assistance of surfactants. Dry mixtures of FePt particles and
NaCl powders were obtained after the solvent was evaporated com-
pletely. The mixtures were then annealed in a forming gas (93 %
Ar+7 % H,) at different temperatures for different times. After the
annealing, the NaCl powder was washed away by deionized water and
the FePt nanoparticles were recovered and dispersed in organic sol-
vents, such as cyclohexane or ethanol, in the presence of surfactants.
The elemental composition analyses, using inductively coupled plas-
ma-optical emission spectroscopy (ICP-OES), showed that there was
negligible NaCl contamination in the salt-matrix-annealed FePt nano-
particles and the particle composition was Fes,Ptsg. A transmission
electron microscope was used to analyze the morphology and crystal-
line structures. X-ray diffraction (XRD) was used to determine the
phase transition, the long-range ordering parameters, the grain size,
and the particle size. The magnetic hysteresis loops were measured
with a magnetic properties measurement system (MPMS) from speci-
mens of a mixture of epoxy and the magnetic nanoparticles. Curie
temperatures were measured by a physical properties measurement
system (PPMS) with high-temperature and high-vacuum vibrating
sample magnetometer.
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